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Abstract 

 

 

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by the 

accumulation of insoluble protein aggregates, i.e., amyloid beta and Tau. Genetic predispositions 

in amyloid beta (A) and Tau protein processing correlate strongly with disease prevalence. 

However, pathological hallmarks of AD can exist independently of each other. Additionally, 

patients with a genetic predisposition may never develop AD, indicating that epigenetic influences 

and lifestyle choices significantly impact disease initiation and progression.  

Mutations in Apolipoprotein E (APOE) constitute the single most significant genetic risk 

factor for developing AD—the most commonly occurring mutations for APOE result in three 

different phenotypes: APOE2, APOE3, and APOE4. APOE2 and APOE3 are frequently referred 

to as neutral alleles, with the former being protective in certain studies. It is the APOE4 allele that 

poses the most significant risk for AD development, as cholesterol transport is most dramatically 

altered in these patients, resulting in an increased rate of blood-brain barrier (BBB) degradation 

and neurovascular dysfunction.  

APOE transports lipids in the form of protein complexes that vary in size, density, and 

function, i.e., HDL, LDL, VLDL, etc. APOE is most abundantly expressed within the brain by 

astrocytes, a non-neuronal cell type responsible for many regulatory functions, including 

maintenance of the BBB, formation of myelin, regulation of nutrients, and removal of harmful 

metabolites, e.g., A and Tau. Current therapeutic applications that modulate APOE target patients 

with atherosclerotic plaques and promote the removal of lipids from the peripheral tissues, 

transporting them back to the liver for subsequent elimination. In so doing, HDL (“healthy” 

cholesterol) is increased, and LDL (“bad” cholesterol) is lowered in a process known as reverse 

cholesterol transport (RCT).  
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 In the paradigm of RCT-mediated therapeutic benefit, Peroxisome-proliferator-activated 

receptors (PPARs) and liver-X receptors (LXRs) are enticing targets, as they can directly modulate 

APOE regulation to improve associated deficits in patients with AD. PPAR/LXRs transcriptionally 

regulate various genes related to energy regulation, lipid metabolism, and cholesterol clearance 

through RCT mechanisms.  While PPAR and LXR-specific agonists have shown promise in 

different transgenic animal models with atherosclerosis and AD, they perform poorly in human 

clinical trials and have failed to achieve FDA approval due to systemic toxicities such as steatosis, 

neutropenia, edema, and cardiotoxicity. Complicating this issue is the difficulty of attaining 

therapeutic specificity amongst PPAR/LXR isoform variability and function to prevent 

undesirable off-target activity in healthy tissue types. 

Therefore, our computational design for novel PPAR/LXR compounds has centered 

around profiling selective ligand interactions across all isoforms of these receptors to gather 

surface activity relationships and mechanical details that identify novel ligands with improved 

therapeutic efficacy.   
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Chapter 1: Introduction 

 

1.1 General Overview of Alzheimer’s Disease (AD) 

 

Alzheimer's disease (AD) is a neurodegenerative condition that progressively damages the 

nerve cells in the brain, affecting around thirty million people worldwide. In the United States, 

more than five million Americans are currently living with AD, and experts predict that this 

number will reach sixteen million by 2050 1. Despite considerable research efforts into preventing, 

treating, or curing the disease, effective strategies remain elusive. 

 In 1911, Alois Alzheimer published his conclusions concerning two inpatients admitted 

for senile dementia. The patients presented with cognitive symptoms resembling senile dementia 

but differed markedly by the premature age of onset and rate of disease progression, prompting 

Alzheimer’s postulation on the emergence of a novel neurodegenerative disease 2.  Postmortem 

neuro-histological examination showed an unexpected and dramatic degeneration of cortical nerve 

cells, displayed by the clotting of fibrils and expansive plaques throughout the brain 3. 

Interestingly, although both patients showed extensive plaques, Alzheimer only detected the 

presence of clotting fibrils in one of the patients. Alzheimer’s groundbreaking findings quickly 

garnered support, leading to the subsequent naming and classification of the neurodegenerative 

disease we now commonly refer to as AD 4, 5. 

 Alzheimer’s identification of “excessive diffuse patches” and “coiled fibrils” would 

ultimately become the pathological hallmarks that characterize AD, i.e., extracellular amyloid-beta 

(A) plaques/fibrils and intracellular Tau neurofibrillary tangles (NFTs) 6, 7.  Accompanied by 

criteria-based cognitive assessments, A and NFTs are still used as the primary diagnostic 
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determinants for AD. Ambiguously, many patients do not display concurrent pathogenic 

development of both biomarkers, thus highlighting the separate but interconnected roles of A and 

NFTs in AD progression 8. Subsequent research efforts have centered on identifying the underlying 

mechanisms that show causative links with AD initiation and progression.  

AD is a complex and enigmatic neurological condition with several well-supported 

hypotheses regarding its cause. These hypotheses range from genetic factors, such as mutations in 

amyloid precursor protein (APP), presenilin (PSEN), and apolipoprotein E (APOE), to 

environmental influences, such as lifestyle choices and xenobiotic exposure 9-13. Central to genetic 

predisposition and lifestyle choices is the area of research focusing on the epigenetic influences 

associated with AD, which explores post-translational modifications that impact gene expression 

and its consequences on disease progression 14, 15. Epigenetic changes, like DNA methylation and 

histone modifications, can protect or predispose an individual to AD by altering gene expression 

patterns involved with neuronal function, inflammation, and A processing. The interplay between 

genetic and epigenetic factors underscores the complexity of AD yet offers promising avenues for 

potential therapeutic intervention. 
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1.2 APOE Involvement in AD Progression 

 

APOE is a class of apolipoprotein, which mediates clearance, biosynthesis, and uptake by 

hepatocytes and peripheral tissues, ensuring triglyceride delivery and energy storage. It crucially 

maintains lipid homeostasis, participates in reverse cholesterol transport (RCT), and regulates lipid 

transport in the central nervous system (CNS), impacting neuron survival. Additionally, APOE 

contributes to innate and adaptive immune responses through non-specific binding to lipophilic 

inflammatory components with high affinity, including A, lipopolysaccharides, lipoteichoic 

acids, and beta-glucans, which leads to the clearance of pathogenic agents and contributes to the 

first-line innate immunity response 16.  

APOE is primarily a component of high-density lipoprotein particles (HDL). It mediates 

the binding to nascent chylomicrons, an interaction that leads to the transfer of both apolipoprotein-

C2 (APOC2) and APOE between the two lipoproteins. This allows the utilization of esterified fatty 

acids and the maturation of nascent chylomicrons, as APOC2 is a coenzyme for lipase activity. 

After lipid stores are distributed, APOC2 is transferred back to HDL, with APOE remaining in the 

chylomicron remnants to facilitate macrophage recognition and clearance 17.  

APOE consists of a single polypeptide chain with distinct N-terminal and C-terminal 

domains connected by a flexible hinge region that allows conformational flexibility to adapt to 

various ligands and lipid particles 18. The N-terminal domain harbors a receptor-binding region 

facilitating interactions with cell surface receptors like the low-density lipoprotein receptor 

(LDLR) and LDL receptor-related protein (LRP). In contrast, the C-terminal domain, 

characterized by amphipathic alpha-helices, mediates lipid binding and is associated with 

lipoprotein particle compositional stability 19, 20. As a result, the structural dynamics of APOE 
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respond to changes in lipid composition that can affect lipoprotein size, density, and binding. 

Additionally, genetic mutations in APOE profoundly impact the efficiency of lipid transport and 

metabolism, influencing an individual's susceptibility to lipid-related disorders like atherosclerosis 

and hyperlipidemia 21, 22. 

Intriguingly, single nucleotide polymorphisms (SNPs) in APOE constitute the most 

significant genetic risk factor for developing AD 23, where the most commonly occurring APOE 

SNPs result in three different isoforms: APOE2 (Cysteine 112, Cysteine 158), APOE3 (Cysteine 

112, Arginine 158), and APOE4 (Arginine 112, Arginine 158) 24,25. This Arginine to Cysteine 

mutation effectively reduces steric bulk and polar surface area, allowing APOE the conformational 

freedom to pack more tightly. Mutations at both residue positions result in a similar structural 

consequence with an inverse functional response, as an Arg112Cys mutation enhances lipid-

binding and lipoprotein stability. At the same time, the Arg158Cys decreases binding affinity for 

receptors 26. As a result, excessive dietary lipid intake is better tolerated in an isoform-dependent 

manner APOE2 > APOE3 > APOE4 27. 

APOE3 is the most abundantly expressed isoform, commonly called the “neutral allele,” 

with balanced effects on lipid metabolism. APOE2 is associated with lower circulating lipid levels 

and is cardioprotective, with implications of being protective for neurodegenerative diseases like 

AD 28. In comparison, APOE4 is consistently associated with higher circulating lipid levels, 

elevated risk of cardiovascular disease, and an increased susceptibility to AD 29.  

Unlike other organs, the brain is approximately fifty percent lipid. It is compartmentalized 

from systemic circulation, predominantly relying on de novo lipogenesis and alternate mechanisms 

for the clearance of lipid metabolites 30, 31. Where astrocytes play a critical role in regulating energy 

homeostasis within the brain, as they comprise the blood-brain barrier (BBB), transport essential 
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nutrients, and regulate the clearance of neurotransmitters from the synapse of neuronal cells 32. In 

neurodegeneration, oxidative stress overburdens brain energy homeostasis, impeding the effective 

distribution of cholesterol and cholesterol metabolites, leading to toxic lipid accumulation in 

resident macrophages and impaired neuronal signaling 33. In a diseased state, these effects can 

become more pronounced in an APOE isoform-dependent manner, as APOE4 predisposes an 

individual to pathogenic A processing and clearance 34-36. Currently, patients suffering from the 

debilitating symptoms of AD lack a directed therapeutic that displays clinical efficacy. Direct links 

between metabolic dysregulation and APOE4-associated deficits are well established, with 

APOE4 carriers making up approximately 50% of the AD population 37.  Therefore, assessing 

metabolically directed therapeutics targeting APOE-associated mechanisms is critical since this 

would provide the most significant impact for patients likely to develop AD.  
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1.3 PPAR Regulation and AD Association 

 

Peroxisome proliferator-activated receptors (PPARs) are members of the nuclear hormone 

receptor superfamily that are ligand-activated transcription factors 38. Researchers discovered 

PPARs through scientific investigations in the 1980s and 1990s. The initial discovery of PPARs 

stemmed from research on a class of compounds called peroxisome proliferators, known to induce 

the proliferation of peroxisomes in rat liver cells 39. This research identified the effects of the PPAR 

orphan receptor mediating these compounds 40. Subsequent studies uncovered three distinct PPAR 

isoforms: PPARα, PPARδ, and PPARγ 41. 

A breakthrough in understanding PPARs came when researchers recognized that these 

receptors could interact with fatty acids, identifying their physiological role in lipid metabolism 

and glucose homeostasis 42. The discovery of PPAR ligands, including the PPAR agonist 

fenofibrate, PPARγ agonist rosiglitazone, and the PPAR agonist GW-0742, opened new avenues 

for research into the treatment of metabolic disorders like dyslipidemia, type 2 diabetes, and 

cardiovascular disease, respectively (Figure 1.).  

PPARs exhibit inducible isotype-specific tissue expression responding to nutrient supply 

and energy demand. PPARα is primarily associated with regulating fatty acid catabolism, 

particularly in the liver, by up-regulating Acyl-CoA Oxidase 43-45. PPAR is a central target in the 

management of dyslipidemia. PPARγ, on the other hand, is predominantly found in adipose tissue 

and plays a crucial role in adipocyte differentiation, lipid storage, and insulin sensitivity 42, 46, 47. 

PPAR is a central target in the management of type 2 diabetes and metabolic syndrome. PPARδ 

exhibits a broader tissue distribution with roles in various metabolic processes, including fatty acid 

oxidation, glucose homeostasis, and skeletal muscle function 48-50. PPAR ligands have not yet 
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achieved FDA approval, but they are commercially available as a nutritional supplement and 

commonly marketed as exercise mimetics. While PPARα and PPARγ have established roles in 

metabolic pathways, PPARδ's functions are more versatile, contributing to overall metabolic 

homeostasis.  

PPARs present an exciting target for regulating APOE-associated deficits in patients with 

AD, as they can influence distinct genetic pathways involved in anti-inflammatory signaling, 

enhanced catabolism of lipids, and neurogenesis. PPAR and PPAR are more highly expressed 

in the brain, whereas PPAR is predominantly localized in astrocytes 51. PPAR is particularly 

interesting as activation in the brain has shown to be neuroprotective, enhancing mitochondrial 

biogenesis and reducing inflammatory activation of microglial cells 52-54. PPAR has been shown 

to reduce A plaque-induced inflammation by inhibiting inflammatory chemokine nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-kB) and induction of brain-derived 

neurotrophic factors (BDNF), critical mediators of neurogenesis and synaptic plasticity 55-58. 

Lastly, PPAR has been shown to regulate insulin signaling, improve energy regulation, and 

remyelination in transgenic mouse models of AD 55, 56, 59, 60.  

Dietary influences, combined with genetic predisposition to metabolic disorders, constitute 

a major confounding factor linking APOE involvement with AD progression. This underscores 

the rationale for identifying the underlying biological mechanisms that can be harnessed for 

therapeutic interventions. Targeting PPAR receptors for therapeutic benefit offers opportunities 

across diverse medical conditions but poses several challenges. These include off-target effects, 

tissue-specific responses, and, most importantly, controlling gene transcription ‘strength’ or rate. 

PPARs exert pleiotropic effects on various tissues and metabolic pathways, necessitating careful 

consideration of their therapeutic benefits and potential adverse outcomes. Understanding nuclear 
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receptor biology becomes an integral component for optimizing drug design, thus allowing for the 

maximum therapeutic potential of nuclear receptor-targeted drugs while minimizing associated 

risks. 
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1.4 LXR Regulation and AD Association 

 

Liver X Receptors (LXRs) are ligand-activated transcription factors that are closely related 

to PPARs, sharing approximately 40% similarity in the overall structure. LXRs were discovered 

in the mid-90s using a rat liver-derived cDNA library where it was shown that a subregion in the 

DNA binding domain (DBD) responsible for DNA binding specificity, referred to as the P box, 

was identical to that of Thyroid Hormone Receptors (TRs), RARs, and Vitamin D Receptors 

(VDR) 61. LXRs exist in two highly conserved isoforms, LXR and LXR, where LXR is most 

abundantly expressed in the liver, and LXR is ubiquitously expressed in all tissues 62, 63.   

LXRs play a pivotal role in maintaining cholesterol, fatty acid, and glucose homeostasis 

by upregulating transcription of ATP-binding Cassette transporter (ABCA1), APOE, Cholesteryl 

ester Transfer Protein (CETP), Fatty Acid Synthase (FAS), Cytochromes P450 (CYP) 7A1, 

Lipoprotein Lipase (LPL), Sterol Regulatory Element Binding Protein (SREBP) 1C, Carbohydrate 

Regulatory Element Binding Protein (ChREBP), and uniquely regulates its expression 64.  

Endogenous LXR agonists arise from cholesterol enzymatic oxidation by CYP7A1, 

increasing oxysterol concentrations for bile acid synthesis and subsequent elimination from the 

liver. In addition, epoxy sterols provide a feedback mechanism to the mevalonate cholesterol 

synthesis pathway by inhibiting β-Hydroxy β-methylglutaryl Coenzyme A (HMG-CoA) and 

simultaneously binding to LXR, activating genes associated with cholesterol efflux, e.g., ABCA1, 

APOE 64-66.  The most potent endogenous oxysterol at physiologically relevant concentrations is 

the 24(S), 25-epoxy cholesterol (24,25EC), formed from the mevalonate shunt pathway and under 

oxidative stress (Figure 2.) 67. 
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LXRs' role in reverse cholesterol transport (RCT) pathways sparked the development of 

synthetic ligands for therapeutic benefit in patients with atherosclerosis. Systemically high levels 

of lipids in the form of Low-Density Lipoprotein (LDL) can lead to accumulation on arterial walls. 

Circulating macrophages are then recruited to the sight through interactions at LDLRs, influencing 

selective LDL uptake for subsequent removal. Continued macrophage challenge with LDL leads 

to excessive lipid accumulation, inducing an inflammatory phenotype called foam cells. These 

foam cells secrete pro-inflammatory cytokines, further recruiting macrophage aggregation at the 

site, eventually leading to atherosclerotic plaques. Synthetic pan-LXR agonists GW-3965 and 

T0901317 were able to reduce atherosclerotic plaques in LDLR and APOE knockout (KO) mice 

significantly; however, hepatic LXR activation also induced de novo lipogenesis and increased 

serum triglycerides (Figure 2.) 68. While promising, the therapeutic advancement of LXR agonists 

has continued to be plagued by hepatic lipogenesis, a significant drawback towards clinical 

implementation.  

Interestingly, it has been shown that LXR and LXR have separate roles in regulating 

cholesterol. LXR primarily acts as a sensor for dietary cholesterol, with LXR acting mainly in 

the immune response to maintain basal transcription. When challenged with a high-cholesterol 

diet, studies involving the murine knockout (KO) of LXR showed a dramatic impact on hepatic 

cholesterol accumulation in combination with reduced bile acid excretion and composition. No 

noticeable changes had been observed in other tissues expressing LXR, i.e., kidney, small 

intestines, spleen, and adrenal 69.  LXR pan-agonist treatment in LXR KO mice rescued the 

deleterious effects observed in control mice. However, LXR target genes associated with 

lipogenesis SREBP1C and FAS were not upregulated, demonstrating non-overlapping roles for 

LXR activation 70.   
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Cholesterol in the brain is almost entirely derived from de novo cholesterol synthesis by 

astrocytes, which can then be transported via ABCA1 and APOE to neurons in the form of HDL. 

Since cholesterol cannot passively enter or exit the BBB, the elimination of cholesterol from the 

brain differs significantly from that of the liver and primarily involves its conversion into 24(S)-

hydroxycholesterol (24S-HC) by the enzyme cholesterol 24-hydroxylase (CYP46A1), which is 

abundantly expressed in neurons 71The 24S-HC metabolite is transported out of the CNS by HDL 

or passive diffusion. Once it crosses into systemic circulation, 24S-HC is transported back to the 

liver and converted to bile acid for removal.  

The association of cerebral spinal fluid (CSF) HDL and LDL levels on AD pathology in 

cohort studies revealed little to no correlation with disease progression. However, AD patients did 

show significantly higher levels of 24S-HC in cerebral spinal fluid (CSF). Another endogenous 

LXR agonist, the oxysterol 27-hydroxycholesterol (27-HC), also showed a significant increase in 

the AD population compared as a ratio of 24S-HC/27-HC. Intriguingly, 27-HC is not produced in 

the brain but is derived primarily from the liver and is neurotoxic at increasing concentrations 72, 

73. This finding presents some confounding results, as the BBB should prevent the uptake of 

oxysterols from circulation and consequently prevent the accumulation of 27-HC. In the context 

of aging and metabolic-related disorders, this result could have a much more significant impact as 

the BBB begins to degrade, leading to increased susceptibility to endogenous metabolites and 

xenobiotics that can exert their effects on LXRs (Figure 2.).  

As the LXRs are critical in regulating cholesterol and lipid metabolism, it remains to be 

seen how selective modulation of these receptors influences lipidomic profiles in AD. Other 

cholesterol-modulating drugs have shown only modest improvements in AD symptoms and fail to 

prevent disease progression, such as the Statin HMG-CoA inhibitor class of drugs.  
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1.5 Computer-aided Drug Design (CADD) 

 

A drug can be defined as a substance intended for use in the diagnosis, cure, mitigation, 

treatment, or prevention of disease as described by the FDA 74. In 2019, the pharmaceutical 

industry invested $83 billion in the research and development of novel drugs, where many of the 

new drugs being produced are listed as “specialty drugs” or drugs that generally treat chronic, 

complex, or rare conditions 75. Estimated costs for a drug to reach the market range from $1-2 

billion 76. Approaches that utilize computer-aided drug design (CADD) offer significant benefits 

in the successful early-stage development of drugs from both an economic and feasibility 

standpoint 77. Approaches to CADD can vary based on the availability of experimental data and 

can be subdivided into two primary categories: structure-based drug design (SBDD) and ligand-

based drug design (LBDD).  

SBDD primarily focuses on the three-dimensional structure of the biological target, such 

as a protein or enzyme. It involves analyzing the detailed atomic and molecular interactions 

between the target and potential drug molecules. SBDD often relies on experimental techniques 

like X-ray crystallography, nuclear magnetic resonance (NMR), and Cryogenic Electron 

Microscopy (cryo-EM) to determine the high-resolution structure of protein complexes. SBDD 

provides a precise understanding of binding interactions and mechanistic details, enabling the 

design of drugs with high specificity for the target protein and minimizing off-target effects. The 

availability of high-quality structures limits SBDD, and obtaining such structures can be 

challenging. 

LBDD focuses on the characteristics and properties of known active ligands (molecules 

that bind to the target) rather than the target itself. It involves analyzing the structure-activity 



 28 

relationship (SAR) of ligands. LBDD often employs computational methods to analyze and model 

the relationships between the chemical structure of ligands and their biological activities. LBDD 

can be applied without detailed target structures, relying on available experimental data on ligand 

activities. It is more applicable when structural information about the target is limited or 

unavailable. LBDD may lack the precision of SBDD, as it relies on statistical correlations between 

ligand structures and activities. It may not be as effective for diverse targets compared to SBDD.  

Both approaches have their strengths and limitations, and their effectiveness often depends 

on the specific characteristics of the target and available data. Integrating both SBDD and LBDD 

can provide a comprehensive strategy for drug discovery. The availability of structures and ligands 

for PPARs and LXRs is crucial in advancing CADD strategies targeting these nuclear receptors. 

The Protein Data Bank (PDB) contains crystallographic and NMR structures for various PPAR 

and LXR isoforms. These structures offer valuable insights into the three-dimensional 

conformations of the receptors and their binding sites, facilitating the identification of potential 

ligand interactions. Additionally, a diverse collection of known ligands with varying affinities for 

PPARs and LXRs provides a rich dataset for LBDD approaches.  

The combination of structural information and ligand datasets enables computational 

methods such as molecular docking and dynamics simulations to explore and predict novel 

compounds' binding affinity and selectivity. Researchers in the field of CADD can leverage these 

resources to design and optimize PPAR and LXR modulators with therapeutic potential. 
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1.6 Previous Work  

 

Our lab's previous work with the PPAR/ selective agonist AU-9, shown in Figure 3., 

effectively improved cognition in a mouse AD model while avoiding PPAR toxicities, primarily 

attributed to the attenuated activation of PPAR. While AU-9 displayed PPAR activation, its 

effects were relatively unbalanced, with no activation of PPAR, a critical mediator of lipid 

regulation in astrocytes.  Additionally, AU-9 displayed poor physiochemical properties and a 

molecular mass >500 g/mol, essential ADME parameters that could hinder effective 

biodistribution to the brain (Table 1.).  

The structure of AU-9 offered similarities with the existing PPAR pharmacophore 

scaffolds, consisting of a lipophilic carboxylic acid attached to a weakly polar hydrophobic tail 

connected through a polar linker group. Compound AU-9’s structure differed from the PPAR 

pharmacophore scaffolds with the inclusions of a sterically bulky para-benzoic acid active site 

moiety and a branched polar amine linker. In silico modeling identified the para-benzoic acid as 

the primary determinant of the decrease in PPAR activity, and the weakly polar hydrophobic tail 

containing a 3,5-bis(trifluoromethyl) phenyl favored PPAR selective activation. In silico 

predicted binding poses generated from AU-9 highlighted a conformational requirement to access 

the PPAR LBD AF-2 78, 79. Various binding motifs were explored through manual iterative ligand 

design using predictive ADME filters to generate compound 7 (AU-403), a novel selective 

PPAR/ agonist. 
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 he ligand A    3 s weakly polar surface area of the halogenated aromatics enhances predictive

docking scores through complementary aromatic interactions with the hydrophobic surface area of

the PPAR L D, similar to observed predictive interactions of A  9 and GW    2.  he

dibenzylamine polar anchor point displayed by A    3 can donate a hydrogen bond that

distinguishes an apparent conformational bias for PPAR and PPAR selective activation.  he

sterically hindered meta benzoic acid displayed by A    3 forms unfavorable interactions with

the PPAR L D A  2, similar to observed predictive interactions of A  9.
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Rationale and Research Objectives 

 

Currently, the only FDA-approved treatments for Alzheimer’s Disease (AD) that can 

change disease progression are Lecanemab and Aducanumab, which are both monoclonal 

antibodies targeting A fibrils and A plaques. However, these drugs have shown tenuous clinical 

efficacy with patients experiencing severe adverse side effects, including brain microhemorrhages, 

brain swelling, and accelerated brain atrophy. Furthermore, these drugs are administered via IV 

infusion and thus indirectly target A in the brain. The remaining FDA-approved drugs for AD 

only treat cognitive and non-cognitive symptoms, i.e., memory/thinking and 

behavioral/psychological symptoms, respectively.  

AD-associated neurodegenerative signs and symptoms often develop after years of 

significant disease progression, which leaves a large knowledge gap in the mechanisms that go 

awry. However, APOE4 genetic susceptibility coincides strongly with AD comorbidities such as 

dyslipidemia, type 2 diabetes, and cardiovascular disease, thereby identifying mechanisms for 

therapeutic intervention that can prevent disease progression. For this reason, it is hypothesized 

that developing novel therapeutics targeting PPAR/LXR will promote APOE function globally 

and delay or avoid AD by promoting clearance of pathogenic A and accumulated lipids.  

PPAR and LXR selective agonists have failed to reach clinical significance for AD due to 

off-target systemic toxicities yet show promising benefits in vitro and in vivo. Therefore, 

computer-aided drug design (CADD) was employed to evaluate a comprehensive library of PPAR 

and LXR selective agonists with their respective nuclear receptors, modeling specific amino acid 

interactions with known active ligands to build contact profiles for predictive drug design. In this 

manner, isoform selectivity is controlled, and undesirable effects may be avoided.  



 33 

Chapter 2: Results and Discussion 

 

2.1 PPAR and LXR Structural Organization  

 

Understanding how ligands interact with the highly conserved activated function 2 (AF-2) 

is vital to determining the activity of PPAR, LXR, and other nuclear receptors (NRs) (Figure 4.).  

Testing the activity of ligands for NRs can be challenging due to several factors. NRs have diverse 

ligand binding domains (LBD) that accommodate a wide range of ligands. This makes assessing 

their binding affinity, specificity, and functional effects difficult. Moreover, several factors 

influence their activity, such as the cellular microenvironment, co-regulator proteins, and post-

translational modifications, making experimental interpretation complex. Ligand binding can 

trigger downstream signaling events and changes in gene expression, which may not always 

directly correlate with the ligand concentration. Therefore, multiple endpoint measurements are 

necessary. The structural diversity of ligands and the requirement for reliable assays further 

complicate ligand screening.  

CADD significantly enhances experimental validation in drug discovery by guiding ligand 

design, mechanism elucidation, optimization of experimental conditions, data interpretation, and 

lead optimization. Techniques such as ligand docking, molecular dynamics, and structural 

interaction fingerprints aid in rationalizing ligands with desirable properties, prioritizing potential 

drug targets, and predicting protein-ligand interactions and dynamic processes. Furthermore, 

molecular modeling facilitates lead optimization through iterative refinement of candidate 

compounds based on computational predictions and experimental feedback, ultimately 

accelerating the drug discovery process.  
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While the AF-2 is highly conserved among nuclear hormone receptors, amino acid residues 

within the LBD vary, allowing receptor-specific interactions with coregulator proteins and ligand 

modulation of transcriptional activity (Figure 4.). Therefore, it is critical to understand the rate-

limiting factors at each receptor site to establish pharmacophore features that correlate to 

experimental EC50 values. 
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2.2.1 In Silico PPAR Structure Activity Relationship (SAR): Receptor SiteMap Analysis  

 

Understanding the primary binding site on a receptor is essential for creating effective 

ligands in drug design. SiteMap is a tool used in drug design that identifies potential binding sites 

on protein surfaces through grid-based searches. It generates detailed contour maps that highlight 

hydrophobic and hydrophilic regions. Determining nearby sites that could be useful for allosteric 

binding can also be crucial, e.g., coregulator proteins. However, in some cases, the location of a 

binding site for protein-ligand or protein-protein interactions has yet to be discovered despite the 

available protein structures. Computational studies suggest potential protein binding sites and 

predict receptor site physiochemical properties by evaluating complementary receptor site ligand 

interactions. SiteMap's SiteScore and other properties such as volume, hydrophobicity, 

hydrophilicity, balance, and Dscore can assist in evaluating and refining ligand-receptor 

interactions. This tool outperforms traditional surface coloring methods by providing 

comprehensive insights into binding site characteristics. 

Sitemap analysis of each PPAR representative pose indicates that hydrophobic surface 

interactions outweigh hydrophilic surface interactions for all isoforms (Figure 5.). This is 

represented by the ratio of hydrophobic to hydrophilic surface area, also known as the balance 

score. The balance score provides valuable insights into the proteins' structural and functional 

properties. Docking scores favor more prominent hydrophobic ligands, as Van der Waals (vdW) 

interactions increase relative to protein hydrophobic surface area. While docking scores may not 

accurately represent the activity as it correlates to experimental EC50/IC50 values, they can 

accurately capture ligand binding poses that distinguish conformational preferences associated 

with the activity. 
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Sitemap analysis showed that the PPAR receptor site shares a similar volume to that of 

PPAR and a similar hydrophilic surface area to that of PPAR. However, the PPAR receptor 

site deviates significantly in terms of its hydrophobic surface area, approximately two times that 

of PPAR and PPAR. Therefore, ligands with strong hydrophobic character are more likely to 

bind tightly with the PPAR receptor site relative to PPAR and PPAR. The balance score of 

3.596 for the PPAR receptor site indicates a predominance of hydrophobic character that can be 

exploited for ligand selectivity.  
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2.2.2 In Silico PPAR Structural Optimization: Initial Structure Identification of AU-9 

 

Glide is a software tool available in the Schrodinger Maestro Suite used for molecular 

docking, which predicts the position and orientation of a ligand molecule relative to a receptor 

molecule. The goal is to identify a ligand's lowest energy binding mode with a given receptor, 

which can provide insight into the ligand's potential biological activity and help design new 

drugs. Glide can be run in two modes: rigid or flexible docking. The ligand is treated as a rigid 

molecule in the former, whereas in the latter, the ligand is allowed to adopt different 

conformations. The ligand position, orientation, and conformation combination is called a ligand 

pose. 

Glide employs a comprehensive series of hierarchical filters to rigorously evaluate the 

ligand-receptor interactions. These filters meticulously test the spatial fit of the ligand to a pre-

determined receptor site grid and scrutinize the complementarity of ligand-receptor interactions 

using a grid-based method. The initial filters are based on the empirical ChemScore function, 

which thoroughly evaluates the non-bonded interactions between the ligand and the receptor. 

The poses that successfully pass these initial screens proceed to the final stage of the algorithm, 

which involves evaluating and minimizing a grid approximation to the non-bonded interaction 

energy between the ligand and the receptor. 

The final scoring of the poses is carried out using GlideScore, a multi-ligand scoring 

function developed by Schrödinger. The GlideScore combines several factors, such as the non-

bonded interaction energy, the excess internal energy of the ligand conformation, and other terms 

that account for the entropy and desolvation effects. The composite Emodel score ranks each 

ligand pose and selects the best ones to report to the user. The Emodel score combines the 
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GlideScore and the non-bonded interaction energy, and it is a measure of the predicted binding 

affinity of the ligand to the receptor. 

Initial structure identification is a crucial phase in drug discovery. It involves identifying 

chemical compounds with desired biological activity against a target, such as a disease-

associated protein. This phase begins with target identification and validation, confirming that 

modulating the target's activity has a therapeutic effect.  

Based on the previous experimental activity data of AU-9, Ligand-Based Virtual 

Screening (LBVS) was used to better understand this apparent PPAR selectivity. LBVS is a 

computational approach used in drug discovery to identify new compounds that may exhibit 

similar biological activity to known active molecules. This technique relies on the structural and 

chemical properties of previously identified active ligands to screen virtual libraries of 

compounds. The process begins with constructing a pharmacophore model defining the essential 

features required for biological activity, such as hydrogen bond donors, acceptors, hydrophobic 

regions, and aromatic rings. By comparing these features against virtual compounds, LBVS can 

identify those that match the pharmacophore model, suggesting potential activity against the 

target. Additionally, similarity searches are performed using molecular structural fingerprints and 

other chemical descriptors to identify a compound's similarity to known actives. LBVS is 

advantageous because it can be useful to identify novel scaffolds and chemotypes, which can 

then be synthesized and tested experimentally. 

GW-0742, a potent PPAR agonist; rosiglitazone, a potent PPAR agonist; and 

APHM13, a potent PPAR agonist, were used as comparisons in ligand docking studies to 

evaluate the apparent PPAR selectivity of AU-9. Ligand docking poses were generated and 

evaluated by observing specific ligand binding poses and receptor contacts associated with 
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respective experimental EC50 values. Noticeably, potent PPAR agonists characteristically display 

a distinct binding motif with their representative LBD AF-2 domain.  

All PPAR isoforms contain a Tyrosine residue centrally located on the c-terminal H12 

Helix, i.e., AF-2, surrounded by coordinating Histidine residues on both sides. PPAR active site 

moieties frequently interact with the AF-2 through hydrogen bonding or ion-dipole interactions, 

which dictates the ligand’s specificity for recruiting coregulator proteins. The representative PPAR 

cognate poses used for ligand docking studies revealed distinct ligand conformational 

requirements required to access each respective PPAR AF-2 (Figure 6.). 

AU-9 displays a large lipophilic branched chemical structure that prevents ligand access to 

the AF-2 in both the PPAR and PPAR cognate poses. However, AU-9 can selectively access 

the PPAR AF-2, albeit inversely to most ligands containing an acidic or basic active site moiety. 

AU-9 instead prefers to conformationally align the 3,5-bis trifluoromethyl phenyl ring into the 

PPAR AF-2 (Figure 9). The PPAR LBD relies more on the ligand's steric “push” to reorganize 

the AF-2 into an active conformation. Thus, this domain is more accessible to complementary 

hydrophobic ligand contacts than PPAR and, to a lesser extent, to that of PPAR (Figure 7.) 
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 A. Predictive  inding pose of A   in the PPAR L D) A  9's lowest energy docking pose in

the PPAR L D demonstrates the ligand s steric restrictions on accessing the A  2, preferring to

bind with its active site moiety near the entrance instead.  he PD :   2O cognate crystal

structure of the PPAR L D complexed with partial agonist pioglitazone indicates that ligand

access to the A  2 is crucial for activity as A  9 was determined to have no apparent

transactivation of PPAR .
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  . Predictive  inding pose of A   in the PPAR L D) A  9's lowest energy docking pose

in the PPAR L D demonstrates similar steric restrictions for accessing the A  2 as was

observed at PPAR .  he PD : 3 I cognate crystal structure of the PPAR L D complexed with

a potent agonist APH 13 indicates that ligand access to the A  2 is independent of the steric bulk

associated with the hydrophobic tail as the cognate ligand displays pyrene functionality and an

experimental E   value of  3 n .
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  . Predictive  inding pose of A   in the PPAR L D) A  9's lowest energy docking pose in

the PPAR L D conversely demonstrates a steric requirement to access the A  2, unlike the

observations of PPAR and PPAR . Interestingly, A  9 displays a consistent binding

conformation across all three PPAR isoforms . However, the PPAR A  2 favorably aligns with

the weakly polar 3,  bis trifluoromethyl phenyl hydrophobic tail.  he PD : 3   cognate

crystal structure of the PPAR L D complexed with a potent agonist GW    2 indicates that

ligand access to the A  2 is independent of the steric bulk associated with the active site moiety as

the cognate ligand displays a phenoxy acetic acid functionality.
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2.2.3 In Silico PPAR Structural Optimization: AU-9 to Compound 7 (AU-403)   

 

The lead compound AU-9 was shown to be a strong PPAR agonist with no apparent 

activation of PPAR. However, AU-9 had a molecular mass of 538 g/mol and was not conducive 

to biodistribution towards the brain. Additionally, AU-9 did not display PPAR activity, a target 

of interest related to the astrocytic metabolism of lipids in AD. Therefore, compound 7 (AU-403) 

was designed to limit PPAR activity, improve PPAR activity, and maintain PPAR activity, 

emphasizing  BBB distribution.  

The AU-9 benzoic acid was determined to be the major contributor to the limited PPAR 

activity, as the bulkier benzene creates steric hindrance, restricting favorable alignment and 

contacts for the active site moiety to the AF-2 domain. The weakly polar trifluoromethyl phenyl 

functionality on AU-9 was conducive to PPAR activity, but the bulky branched structure limited 

PPAR conformational requirements for activity similar to PPAR. Thus, the compound 7 (AU-

403) design maintains these features while removing molecular mass and charge. Additionally, 

ADME Toxicity predictions were used to guide the efficiency of the molecular changes in 

combination with docking scores and conformational alignment with the PPAR AF-2 (Figure 8.). 
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 A  he first modification (mod1) of the A  9 structure was to remove the bridged hydrophobic

tail to decrease molecular mass, charge, and conformational ambiguity.  he cell membrane is

primarily composed of a lipid bilayer, which is hydrophobic .  his hydrophobic environment

favors the passage of nonpolar or moderately polar molecules but poses a significant barrier to

highly charged molecules.  onsequently,  od1 displays improved AD E  ox predictions across

all criteria considered for oral bioavailability and    permeability.
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 A 1 Despite the limitation of  od1 from extending far into the PPAR A  2, the docking scores

have shown a notable improvement over A  9. Although sterically hindered from entering the

cognate pose A  2 domain, the para benzoic acid still holds the potential for making robust

contacts under conformational flux.

 A    od1 can extend closer to the PPAR A  2, but the steric hindrance from the bis

trifluoromethyl phenyl prevents contact between the para benzoic acid active site moiety and the

A  2  yrosine    residue.  od1 docking scores have improved considerably from A  9.

 A    od1 favorably forms strong coordinated contacts with the  yrosine  3 A  2 residue and

accompanying Histidine residues. Docking scores have slightly improved over A  9.
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   A trifluoro methyl was removed from the phenyl ring in the hydrophobic tail to get to

 odification 2 ( od2). Predictably, the removal of the hydrophobic trifluoro methyl shows a

decrease in the predicted LogP and a slight improvement in the predicted  aco cell permeability.

However, this decrease in hydrophobicity also decreases Log  and  D  predictive criteria.

    o improve Log  and  D  permeability predictions, an extension of the hydrophobic

tail from the 1 phenyl position using the 3 substituted trifluoromethyl phenyl  odification 3

( od3) was chosen.  onsequently, this led to an increase in LogP,  PP aco, Log  , and

 PP D  predictive criteria.
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   1 Removing a trifluoromethyl substituent had little consequence on the PPAR predicted

binding pose of  od2 with only a slightly increased docking score over  od1.

     Removing a trifluoromethyl substituent allowed the  od2 structure to now form strong

contacts with the PPAR A  2, which led to improved docking scores over  od1.

      od2 forms coordinated contacts with the PPAR  yrosine  3 A  2 residue and

accompanying Histidine residues. However, these contacts are predominantly hydrophobic or

aromatic, leading to increased docking scores for PPAR .
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   1 Like  od1, the  od3 extension of the hydrophobic tail was observed to sterically restrict

access to the PPAR A  2.  his led to an increased  od3 docking score as the hydrophobic tail

displays a decrease in the weakly polar surface area associated with the  od1 3,  bis

trifluoromethyl phenyl functionality.

      onformational rotation around the connecting 1,1 biphenyl rings has favorably increased

extension and contact with the PPAR A  2. Additionally, docking scores have improved over

 od1 and  od2.

      od3 active site moiety contacts with the PPAR A  2 have become more balanced

between hydrogen bonds and hydrophobic interactions, improving docking scores over all

previous modifications.
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 D A 3 fluoro substituent was added to the phenyl ring to increase the weakly polar surface area

observed in  odification  ( od ).  his modification increased hydrophobicity with an

unfavorable impact on LogP and  aco permeability predictions . However,  D  permeability

was favored over A 9,  od2, and  od3.
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 D 1  od forms favorable contacts with the PPAR A  2 leading to an improved docking score

over the other modifications.

 D    od conformationally aligns to the PPAR A  2 like  od3 with a modest increase in the

docking score.

 D    od led to a loss of A  2 contact at the PPAR A  2.
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 he structural optimization of A  9 to A    3 was guided by  ikProp AD E predictions for

   distribution and docking scores with each PPAR L D.  avorable ligand contacts to the

PPAR A  2 are dominated by strong interactions that consequently increase docking scores.  he

A    3 meta benzoic acid demonstrated a conformational bias that avoided the PPAR A  2

while maintaining strong interactions with PPAR and PPAR .
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2.2.4 In Silico PPAR SAR: Compound 7 (AU-403)   

 

 The benzoic acid active site moiety was moved to the meta position to improve the loss of 

PPAR AF-2 contacts observed in Mod4. The predictive pose generated for compound 7 (AU-

403) in the PPAR LBD confirmed that the meta-substituted benzoic acid active site moiety did 

not form interactions with the AF-2 Tyrosine 473 residue. Consequently, an AU-403 

dibenzylamine polar anchor point hydrogen bond to Cysteine 285 prevented further extension of 

the meta-benzoic acid into the AF-2, instead preferentially forming interactions with the AF-2 

ancillary residues Tyrosine 327 and Lysine 367 (Figure 9.).  

The predictive poses generated for AU-  3 in the PPARα and PPARδ L Ds yielded 

overlapping results. It was observed that the AU-403 meta-benzoic acid adopted an inverse 

conformation to that of PPAR, thus allowing favorable contact with the AF-2 Tyrosine residues. 

This observed conformational preference results from the AU-403 dibenzylamine nitrogen 

inversion, as the donor hydrogen bond to Cysteine interaction observed in PPAR is absent in both 

the PPAR and PPAR LBD predicted poses (Figures 10 and 11). 
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2.3 Synthetic Scheme for Compound 7 (AU-403) 

 

The synthetic sequence described in Figure 12. started with a palladium (ii) acetate 

(Pd(OAc)2) catalyzed Suzuki coupling between 2-bromo-6-fluorobenzaldehyde (1) and [3-

(trifluoromethyl)phenyl]boronic acid (2) in a biphasic mixture of tetrahydrofuran (THF) and water 

using tetrabutylammonium bromide (TBAB) as a phase transfer catalyst to afford 3-fluoro-3’-

(trifluoromethyl)-[1,1’-biphenyl]-2-carbaldehyde (5). Treatment of 3-(aminomethyl)benzoic acid 

(3) with thionyl chloride (SOCl2) in the presence of anhydrous methanol (MeOH) to generate 3-

(aminomethyl)benzoate hydrochloride salt which was neutralized in 1 M sodium hydroxide 

(NaOH) and extracted from with dichloromethane (DCM) to afford 3-(aminomethyl)benzoate (4). 

The condensation reaction between compounds 4 and 5 generates the imine intermediate in 1,2-

dichloroethane (DCE), with subsequent reduction by sodium borohydride (NaBH4) in MeOH to 

afford the secondary amine methyl 3-[{{[3-fluoro-3’(trifluoromethyl)-[1.1’-biphenyl]-2-

yl]methyl}amino}methyl]benzoate (6). Final hydrolysis with aqueous NaOH in MeOH of 1c 

provided 3-[{{[3-fluoro-3’-(trifluoromethyl)-[1,1’-biphenyl]-2-yl]methyl}amino}methyl]benzoic 

acid (7). 
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2.4 In Vitro Evaluation of Compound 7 (AU-403): PPAR Transactivation 

  

A transactivation assay is a powerful method for characterizing and functionally assessing 

how specific transcription factors or nuclear receptors regulate gene expression. This assay 

involves the attachment of a reporter gene to the target DNA promoter sequence for the nuclear 

receptor of interest to generate a DNA construct. This DNA construct is then inserted within a 

vector (e.g., plasmids, viral vectors, artificial chromosomes) capable of artificially carrying the 

foreign DNA into a cell where it can be replicated or expressed. Reporter genes are commonly 

used to highlight gene expression patterns, monitor gene expression and signaling pathways, and 

select cells expressing the reporter gene. Some examples of commonly used reporter genes include 

β-galactosidase, which turns a colorless substrate blue when cleaved, thus making gene expression 

patterns visible, green fluorescent protein (GFP), which produces green fluorescence, enabling 

real-time imaging of protein localization and dynamics within cells and tissues, firefly luciferase, 

which generates bioluminescent light when luciferin is oxidized, allowing luminescence-based 

assays for monitoring gene expression and signaling pathways, Renilla luciferase, similar to firefly 

luciferase but with different substrate specificity, enabling dual luciferase assays for internal 

normalization, and β-lactamase, which confers resistance to antibiotics, allowing selection of cells 

expressing the reporter gene.  

The plasmid vector and an expression plasmid that encodes the nuclear receptor of interest 

are transfected into a suitable cell line, e.g., HEK-293. After treatment with compounds or stimuli 

that activate the nuclear receptor, the transcriptional activity is measured by quantifying the 

expression of the reporter gene. This is usually done using assays specific to the reporter gene, 

such as luciferase luminescence or fluorescence measurements. Transactivation assays are 
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essential for gaining insights into the function of nuclear receptors, screening for potential 

therapeutic compounds, and understanding gene regulation mechanisms that aid in drug discovery. 

The precursors to compound 7 (AU-403), as well as subsequent derivatives, were evaluated 

for human PPAR in vitro potency and efficacy using a cell-based transactivation assay in HEK-

293 cells transfected with a pGL3 luciferase reporter vector containing the respective target 

human-promoter PPAR recognition element (PPRE): hPPAR - acetyl-coenzyme A (acetyl-CoA), 

hPPAR - PPAR response element (DRE), hPPAR - adipocyte protein 2 (AP2). Emax was 

measured relatively to a representative PPAR agonist fenofibrate (EC50 30 uM), PPAR agonist 

GW-0742 (EC50 1.1 nM), and PPAR partial agonist pioglitazone (EC50 500 nM).      

Optimization efforts to design AU-403 focused on incorporating a trifluoromethyl 

substituent to maintain weakly polar interactions in the ligand's hydrophobic tail, which was 

hypothesized to be a determinant factor in the PPAR activation profile observed in the AU-9 

predicted binding pose. Additionally, the bulkier para-benzoic acid in AU-9 was hypothesized to 

be a determinant factor in its attenuated activation of PPAR. Therefore, the benzoic acid active 

site moiety was maintained in AU-403 to avoid PPAR activation, with an alteration to the meta-

substituted stereo isoform to selectively elicit PPAR and PPAR activation.  

The results from the transactivation activity in Table 3. demonstrate that AU-403 was able 

to achieve modest activation of PPAR relative to Fenofibrate while maintaining PPAR potency 

relative to GW-0742, supporting the hypothesized chemical structural influences that confer the 

AU-9 PPAR activation profile. However, the indicated meta-substituted benzoic acid in AU-403 

displayed minor PPAR activity relative to pioglitazone, a partial agonist.  
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2.5.1 Evaluation of compound 7 (AU-403) Physiochemical Properties: LogP and LogD 

 

Physicochemical properties refer to a molecule’s physical and chemical characteristics that 

determine its behavior and interactions in biological, chemical, and environmental systems. 

Understanding the physicochemical properties of molecules is essential to comprehend their 

structure, function, and activity in different contexts. This knowledge is crucial in drug discovery, 

as it helps predict and manipulate the behavior of substances to deliver a drug to the intended target 

tissue effectively. 

LogP, or the logarithm of the partition coefficient, is a measure of a molecule’s solubility 

in two immiscible solvents, typically octanol and water. The partition coefficient is defined as the 

ratio of the concentration of the molecule in the hydrophobic phase (octanol) to its concentration 

in the hydrophilic phase (water) at equilibrium. Thus, LogP indicates the likelihood that a 

compound will dissolve in a particular solvent, a critical criterion in early-stage drug discovery 

when evaluating the therapeutic application of a potential drug's distribution and absorption into a 

biological system. Generally, a higher partition coefficient indicates a greater tendency for a 

compound to dissolve in the hydrophobic phase, and a lower partition coefficient indicates a 

greater tendency to dissolve in the hydrophilic phase.  

LogD, or the logarithm of the distribution coefficient, similarly measures a compound's 

lipophilicity by considering its ionization state at a given pH using a buffered aqueous phase. LogD 

is more effective than logP in evaluating subcellular localization or pH partitioning because it 

takes into account the ionization state of a molecule across a diverse range of pH environments 

within the biological system, spanning from acidic compartments like lysosomes (pH ~ 4.5-5) to 

pH conditions of the bloodstream (pH ~7.4) and more alkaline environments such as the small 
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intestine (pH ~6-8) or renal tubules (pH ~7.4-8). By considering pH-dependent ionization, LogD 

provides insights into both the lipophilicity of the neutral species and the impact of pH on 

solubility.  

Determination of LogP and LogD provides values that affect various pharmacokinetic 

properties of a drug, such as its ability to dissolve, be absorbed by the body, distribute throughout 

the body, undergo metabolism, and be excreted (ADME). A drug with a high LogP value, which 

indicates high lipophilicity, can have better absorption through cell membranes. However, it can 

also experience slower clearance and longer half-life due to its affinity for lipid-based 

environments. As a result, this can lead to non-specific binding, accumulation in fatty tissues, and 

limited aqueous solubility, ultimately reducing its effectiveness. On the other hand, a drug with a 

lower LogP value, characterized by greater hydrophilicity, may exhibit faster clearance, shorter 

half-life, and better aqueous solubility, leading to enhanced bioavailability. While low LogP drugs 

may have limited penetration into cell membranes and tissues, they are less prone to off-target 

accumulation, resulting in more specific and predictable pharmacological effects. Nevertheless, 

the ultimate effectiveness of each drug is impacted by various factors beyond LogP, including 

target specificity, mechanism of action, dose regimen, and individual patient characteristics.  

There has yet to be an FDA-approved PPAR agonist, and based on the inherent 

hydrophobicity of the PPAR LBD, this is likely a result of drug designs that maximize tight ligand 

binding via entropically favored hydrophobic displacement of water from the receptor site. This is 

further aggregated by ligand polar anchor points frequently consisting of lipophilic ethers, 

thioethers, and aliphatic carboxylic acids. Yet there are numerous FDA-approved PPAR agonists 

consisting of the fibrate class of drugs, PPAR agonists consisting of the TZD-glitazone class of 

drugs, and more recently PPAR/ dual agonists consisting of the glitazar class of drugs.  
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Therefore, the drug design of AU-403 focused specifically on sustaining physiochemical 

characteristics that allowed the ligand to maintain strong interactions coinciding with an ADME 

profile intended for oral delivery to the CNS.  

The results from the PPAR transactivation assays demonstrated promising potential for 

AU-403 as a first-in-class PPAR/ agonist, requiring further exploration as a therapeutic 

candidate for preclinical development for AD. LogP and LogD studies for AU-403 were carried 

out against a set of representative PPAR and LXR agonists. These comparison agonists were 

chosen based on their toxicity profile and to evaluate potential physiochemical properties 

indicating a major drawback toward clinical application.   

LogP and LogD values were determined for AU-403 compared as a free drug to the PPAR 

agonist rosiglitazone maleate salt formulation,  PPAR agonist fenofibrate (prodrug), PPAR 

agonist GW-0742 free drug,  LXR pan agonist T0901317 free drug, and the LXR pan agonist 

GW3965 as a hydrochloride salt (Table 4.). LogP values were determined using a two-to-one v/v 

octanol to neutral water. LogD values were determined using a salt-free aqueous citrate buffer pH 

of 4 and an aqueous phosphate-buffered saline (PBS) pH of 7.4, representing the stomach's acidic 

nature and the blood's physiological conditions. A drug intended for oral delivery should have 

sufficient solubility in the gastrointestinal fluids to facilitate dissolution and absorption. Ideally, 

the drug should be moderately to freely soluble in water to ensure efficient absorption as it exits 

the stomach's acidic environment, pH 1.5-3.5,  and encounters the more alkaline environment of 

the duodenum and small intestine,  pH 6 - 8. 
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PPAR Agonist Physiochemical Properties Evaluation of LogP and LogD 

 

As a free drug, compound 7 (AU-403) displays comparable aqueous solubility to 

rosiglitazone maleate, a clinically approved formulation, with LogD values of 1.23 and 1.66 at a 

pH of 4 and 7.4, respectively. Maleic acid, which forms maleate salts when neutralized with a base, 

can improve the solubility and stability of certain drugs, enhancing their bioavailability. As might 

be expected, the rosiglitazone maleate salt formulation improved aqueous solubility in a pH-

buffered environment, indicated by ideal LogD values of 1.67 and 1.66, and had decreased aqueous 

solubility in neutral water and decreased solubility in ethanol indicative of the salt formulation.  

The fenofibrate prodrug form requires formulation for adequate oral bioavailability as the 

isopropyl ester dramatically decreases aqueous solubility, demonstrated by LogP and LogD values 

of 4.8 and > 5 at pHs of 4 and 7.4. As a result, fenofibrate is commonly formulated and 

administered in the micronized form (Antara), nanoparticle tablets (Tricor), and in the active form 

as a choline salt of fenofibric acid (Trilipix).   

The GW-0742 phenoxy acetic acid has an approximate pKa of 4.8 and displayed an 

acceptable LogD of 3.24 when exposed to a citrate buffer at a pH of 4. However, the LogD 

increased to > 5 when exposed to phosphate-buffered saline (PBS) at a pH of 7.4 and a LogP of 

6.57 in neutral water.  These results suggest that the phenoxyacetic acid is practically insoluble 

when exposed to neutral water and a PBS-balanced salt solution, which may lead to subcellular 

localization, e.g., lysosomes. Consequently, GW-0742 would require further formulation for 

adequate bioavailability, demonstrating potential toxicity associated with its failure to reach 

human clinical trials.   
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LXR Agonist Physiochemical Properties Evaluation of LogP and LogD 

 

The LXR pan agonist T0901317 displays LogP and LogD values > 4, consistent with what 

should be expected without an ionizable functional group. While T0901317 has shown promise in 

preclinical models for various potential therapeutic applications, including metabolic disorders, 

cardiovascular diseases, and cancer, its translation into human clinical trials has not been approved. 

The toxicities that prevent clinical advancement of T0901317 are generally associated with LXR-

induced hepatotoxicity; however, LogP and LogD values suggest inherent toxicity associated with 

its deposition into off-target tissues.  

GW3965 is another LXR pan agonist primarily studied in preclinical research rather than 

clinical trials. Similar to T0901317, GW3965 was valued as a promising therapeutic application 

for metabolic disorders such as dyslipidemia, atherosclerosis, and Type 2 diabetes. This is largely 

attributed to its apparent LXR selectivity, thus limiting LXR-associated toxicities. However, 

the calculated LogP and LogD values of 8.2, 5.34, and 4.9 would suggest that GW3965 is equally 

likely to display toxicities, as observed with T0901317. While GW3965 and other LXR agonists 

hold promise for various clinical applications based on preclinical data, further research, including 

clinical trials, would be needed to evaluate their safety, efficacy, and potential side effects in 

human subjects. Additionally, challenges such as off-target effects, pharmacokinetic properties, 

and patient selection criteria will need to be addressed to realize the clinical potential of these 

compounds. 
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2.5.2 Evaluation of Compound 7 (AU-403) Physiochemical Properties: Parallel Artificial 

Membrane Permeability Assay (PAMPA) 

 

The Parallel Artificial Membrane Permeability Assay (PAMPA) is an in vitro technique 

used in drug discovery and development to predict the passive permeability of drug candidates 

across biological membranes, particularly the blood-brain barrier (BBB) and gastrointestinal (GI) 

tract epithelium. In PAMPA, a synthetic lipid membrane is sandwiched between two aqueous 

compartments, simulating the lipid bilayer structure of biological membranes. The drug candidate 

is introduced to the donor compartment, and its passive diffusion across the lipid membrane into 

the acceptor compartment is measured. By quantifying the drug permeation rate, PAMPA provides 

information on the compound's membrane permeability properties, including its ability to cross 

biological barriers. 

However, it has some limitations that need to be considered. For example, PAMPA is less 

biologically complex compared to in vivo systems. Thus, it has limited predictive accuracy for in 

vivo permeability and cannot model active transport mechanisms. PAMPA also has variability in 

membrane composition between setups and a limited dynamic range for compounds with extreme 

permeability properties. Despite these limitations, PAMPA is still a valuable tool in drug 

development to screen and prioritize lead compounds based on their membrane permeability 

characteristics.  

A 4% Lecithin in dodecane solution was used due to its ability to form a lipid bilayer that 

closely mimics biological membranes. As a naturally occurring mixture of phospholipids, lecithin 

contains phosphatidylcholine, a major component of cell membranes, e.g., intestinal epithelium. 

This composition allows lecithin to create an artificial membrane with properties similar to those 
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of biological membranes, including fluidity and barrier function. Additionally, lecithin is readily 

available, stable, and easy to handle, making it a practical choice for laboratory assays. While other 

lipid mixtures or synthetic membranes could be used in PAMPA assays, lecithin is often preferred 

due to its biocompatibility and ability to simulate cellular membrane environments accurately. 

This method offers a cost-effective and rapid alternative to cell-based permeability assays, 

allowing a quick, efficient determination of a compound's ability to cross membranes passively. 

 he  ioAssay Systems’ PA PA-096 Kit contains all the necessary components to conduct an 

assay to evaluate gastrointestinal (GI) membrane permeability. The protocol involves preparing 

donor and acceptor plates, assembling PAMPA filters, and incubating test compounds for passive 

diffusion across the artificial membrane. Samples were then collected from the apical (A) side and 

measured by UV absorbance to determine the change in concentration in response to passive 

diffusion into the basolateral side (B) over time. The obtained data was used to calculate the 

apparent permeability rate (Papp), measured in cm/sec, and assess the membrane permeability of 

compound 7 (AU-403) compared to the low permeability standard, medium permeability standard, 

and high permeability standard provided in the BioAssay kit (Chemical identities were not 

disclosed by the manufacturer).  

 The AU-403 chemical structure is a zwitterion at physiological pH containing a positively 

charged dibenzylamine (conjugate acid) and a negatively charged benzoate (conjugate base), 

resulting in an overall neutral charge. The LogD value of 1.66 indicates that AU-403 prefers the 

lipid phase approximately forty-seven times more than the aqueous phase, suggesting balanced 

lipophilic characteristics. This balance between hydrophilic and lipophilic properties is critical to 

predict potential pharmacokinetic behavioral influences, including ADME. Despite ideal 

lipophilic characteristics, the overall neutral charge of the AU-403 zwitterion could hinder its 
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ability to efficiently cross biological membranes, potentially leading to poor absorption and 

distribution to target tissues.  

The PAMPA results revealed that AU-403, a zwitterionic compound, exhibited 

approximately three-fold higher permeability than the high permeability standard provided in the 

kit (Table 5.). This notable increase suggests that AU-403 possesses enhanced membrane 

permeability characteristics, potentially attributed to its zwitterionic functionality. The neutral 

charge of the zwitterion may facilitate favorable interactions with both hydrophilic and lipophilic 

regions of the artificial lipid membrane, promoting efficient passage through the membrane 

barrier. These findings underscore the importance of considering the zwitterionic nature of AU-

403 in its pharmacokinetic behavior and drug disposition, highlighting its potential for improved 

membrane permeation and bioavailability in biological systems. 
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2.5.3 Evaluation of Compound 7 (AU-403) Physiochemical Properties: Caco-2 PAMPA  

 

Caco-2 human epithelial cells derived from a human colon adenocarcinoma are commonly 

used to study drug absorption and transport in the intestine. When these cells are grown on a 

permeable membrane filter, they spontaneously differentiate into a layer of polarized cells that 

resemble the epithelial lining of the small intestine. This model system replicates crucial 

characteristics of the intestinal epithelium, such as tight junctions, brush border enzymes, and 

transporter proteins. 

While traditional PAMPA focuses on passive permeability across a lipid bilayer, Caco-2 

PAMPA assays consider both passive and active mechanisms involved in drug transport across 

the intestinal epithelium. Therefore, while traditional PAMPA provides valuable information on a 

compound's passive permeability properties, Caco-2 PAMPA offers a more comprehensive 

understanding of its behavior in a biologically relevant context, providing a more accurate 

prediction of oral absorption and bioavailability. 

Nadolol, Metoprolol, and Digoxin were used as standards for comparison with AU-403 in 

the Caco-2 PAMPA assay. Nadolol, a non-selective beta-blocker, exhibits high hydrophilicity and 

low passive permeability, serving as a reference compound for evaluating substances with similar 

characteristics. Metoprolol, a selective beta-1 adrenergic receptor antagonist, demonstrates 

moderate lipophilicity and permeability, making it suitable for assessing compounds with 

intermediate permeability levels. Digoxin, a cardiac glycoside, is highly polar and undergoes 

active transport mediated by P-glycoprotein (P-gp) in the intestine, making it a reference 

compound for evaluating substances susceptible to efflux transporter interactions. 
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The Caco-2 PAMPA assay results for compound 7 (AU-403) demonstrated distinct 

permeability behavior compared to the reference compounds, as evidenced by the Papp, efflux 

ratio, and mean % solution recovery (Table 6.). Papp values measure the extrinsic properties of a 

molecule and are more accurate when compared to reference drugs with an established 

pharmacokinetic profile. These results demonstrated that AU-403 exhibited a greater Papp than 

nadolol and digoxin, with values of 24.0 x 10 -6 cm/s (A to B) and 17.3 x 10 -6 cm/s (B to A), 

respectively. This suggests a greater ability of AU-403 to traverse the Caco-2 cell monolayer in 

the apical to basolateral (A to B) direction than the reverse basolateral to apical (B to A) direction. 

In contrast to the P-gp substrate digoxin, which displayed a pronounced efflux ratio of 330, 

indicative of active efflux transport (B to A), AU-403 exhibited a notably lower efflux ratio of 

0.720. This suggests minimal involvement of efflux transporters in the cellular disposition of AU-

403. Additionally, AU-403 demonstrated lower mean % solution recovery rates than the reference 

compounds, particularly in the A to B direction (77.1%). This may suggest increased cellular 

uptake or metabolism of AU-403 within the Caco-2 cells, impacting its overall permeability 

measurements. 

 The results obtained from both the passive diffusion PAMPA and Caco-2 PAMPA assays 

confirm AU-403's robust permeability characteristics. In the Caco-2 PAMPA assay, AU-403 was 

determined to be either a poor or non-efflux transporter substrate. This consistency across different 

assay platforms increased confidence in AU-403's passive permeability profile and highlighted its 

suitability for further development as a drug candidate for AD. 
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2.5.4 Evaluation of Compound 7 (AU-403) Physiochemical Properties: MDCKII-MDR1 

PAMPA  

 

The MDR1 gene, also known as ABCB1 or multidrug resistance protein 1 (MDR1), 

produces the P-glycoprotein (P-gp) found in cell membranes. P-gp is part of a group of ATP-

binding cassette transporters and acts as an efflux pump to move substances out of cells. These 

substances include chemotherapy drugs, antibiotics, antivirals, and many other medications. The 

abundance of MDR1/P-gp in various tissues such as the BBB, intestines, liver, and kidneys is vital 

in determining how drugs are absorbed, distributed, metabolized, and excreted (ADME). Changes 

in the function of P-gp, which can result from mutations or alterations in the MDR1 gene, can 

impact drug disposition and contribute to multidrug resistance in cancer chemotherapy and other 

treatments. 

The BBB poses a significant challenge in delivering drugs to the CNS due to the abundance 

of efflux transporters such as P-gp. In vitro assays using cell lines that overexpress the P-gp MDR1, 

such as the Madin-Darby Canine Kidney II (MDCKII)-MDR1 cell line, are valuable tools for 

evaluating the permeability of compounds across the BBB. These cell-based models mimic the 

expression of MDR1 at the BBB, enabling researchers to assess the likelihood of efflux-mediated 

transport and predict CNS penetration in vivo. The MDCKII-MDR1 cell line is a reliable platform 

for investigating the interaction between potential drug candidates and MDR1, providing insights 

into the ability of the compounds to overcome efflux barriers and achieve therapeutic 

concentrations in the CNS across the BBB.  

The results from the MDCKII-MDR1 PAMPA assay for AU-403 showed that Nadolol had 

a Papp of 0.137 x 10 -6 cm/s in the A to B direction, while Metoprolol showed a Papp of 21.1 x 10 
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-6 cm/s in the same direction (Table 7.). Digoxin had a Papp of 0.299 x 10 -6 cm/s from A to B and 

6.97 x 10 -6 cm/s from B to A, resulting in an efflux ratio of 23.3. In comparison, AU-403 had a 

Papp of 26.8 x 10 -6 cm/s from A to B and 17.2 x 10 -6 cm/s from B to A, with an efflux ratio of 

0.642. Digoxin's mean % solution recovery was 82.5% from A to B and 97% from B to A, while 

for AU-403, the mean % solution recovery was 89.5% from A to B and 90.7% from B to A. 

The results of the MDCKII-MDR1 PAMPA assay for AU-403 have shown interesting 

permeability characteristics when compared to reference compounds. Nadolol, known to have low 

permeability, had minimal passive permeability with a low Papp value in the A to B direction. In 

contrast, Metoprolol exhibited moderate permeability, with a Papp value falling between nadolol 

and AU-403. Digoxin, a substrate of the P-gp efflux transporter, showed significant efflux-

mediated transport, as evidenced by its high efflux ratio. Interestingly, AU-403 demonstrated 

notably higher permeability in both directions than the reference compounds, comparable to the 

results from the Caco-2 PAMPA assay. The efflux ratio for AU-403 was substantially lower than 

digoxin's in both active transport PAMPA assays, further validating that it is a poor or non-

substrate for P-gp efflux transporters. Overall, these results offer valuable insights into the 

physiochemical profile of AU-403 and its potential implications for BBB permeation in the context 

of AD. 
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2.6.1 In Vitro Functional Activity: 3T3-L1 Adipocyte Differentiation Lipotoxicity 

Assessment of Compound 7 (AU-403) 

 

  3T3-L1 cells are a type of fibroblast-like cell line derived from mouse embryos. They are 

commonly used as an in vitro model for studying adipocyte biology, particularly adipogenesis, the 

process by which precursor cells differentiate into mature adipocytes or fat cells. These cells are 

widely utilized in research focused on understanding the molecular mechanisms underlying 

adipocyte differentiation, lipid metabolism, insulin sensitivity, and obesity-related disorders. 

Additionally, 3T3-L1 cells investigate the pharmacological effects of various compounds, such as 

drugs and natural compounds, on adipocyte differentiation and lipid accumulation in the context 

of toxicity.  

Drugs like rosiglitazone facilitate PPAR activation, which is crucial for adipocyte 

differentiation and plays a central role in lipid metabolism and insulin sensitivity. However, 

excessive PPAR activation, as seen with rosiglitazone, can lead to lipid-induced toxicity, 

particularly in the context of adipocyte differentiation in models like 3T3-L1 cells. While 

rosiglitazone promotes adipocyte differentiation and enhances lipid uptake and storage within 

adipocytes, which can be beneficial for managing insulin resistance and diabetes, prolonged 

exposure to rosiglitazone can lead to adverse effects, e.g., weight gain, edema, and inflammation. 

One significant concern is the excessive accumulation of lipids within adipocytes, leading 

to adipocyte hypertrophy and dysfunction. This dysregulated lipid metabolism can trigger a 

cascade of events, including releasing pro-inflammatory cytokines and adipokines, ultimately 

contributing to chronic low-grade inflammation, insulin resistance, and metabolic syndrome. 

Moreover, rosiglitazone-induced activation of PPAR can alter gene expression profiles in 
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adipocytes and other tissues, such as the liver and skeletal muscle. This can disrupt systemic lipid 

metabolism, leading to toxic ectopic lipid deposition, hepatic steatosis, and skeletal muscle insulin 

resistance, further exacerbating metabolic disturbances. 

While rosiglitazone can be therapeutically beneficial for managing insulin resistance and 

diabetes, balancing its activation to avoid lipid-induced toxicity and associated metabolic 

complications is crucial. This highlights the importance of understanding the nuanced effects of 

PPAR modulation in adipocyte differentiation and lipid metabolism to mitigate adverse effects 

and optimize therapeutic outcomes. 

The process of differentiating 3T3-L1 cells into adipocytes closely resembles the natural 

process of adipogenesis. First, the cells are cultured in a growth medium to allow for proliferation 

and preparation for differentiation until they reach confluence. Then, the induction phase begins 

by replacing the growth medium with a specialized differentiation medium containing insulin, 

dexamethasone, and a synthetic PPAR agonist, i.e., rosiglitazone. These pharmaceutical agents 

activate distinct pathways involved in adipocyte differentiation, including glucose uptake, lipid 

synthesis, and PPAR signaling.  pon activation, PPARγ forms heterodimers with retinoid X 

receptors (RXRs), and together, they bind to PPREs in the promoter region of the AP2 target gene. 

Activation of the PPARγ pathway leads to the transcriptional activation of adipogenic genes, 

including those encoding adipocyte-specific proteins such as adiponectin, fatty acid binding 

protein 4, and lipoprotein lipase.  

Over a few days, the cells undergo morphological changes, transitioning from a fibroblastic 

to a round shape, and gather lipid droplets typical of mature adipocytes. At the end of the 

experiment, the differentiated 3T3-L1 mature adipocytes are stained with Oil Red O. Oil Red O is 

a lysochrome (fat-soluble) diazo dye commonly used for staining, visualizing and quantifying 
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neutral triglycerides and lipids in cells or tissues, particularly in adipocyte differentiation assays 

such as those using 3T3-L1 cells. After staining with Oil Red O, the lipid droplets appear as red-

stained structures against a background of unstained cells. 

The quantification of Oil Red O staining is a straightforward process that involves 

destaining the stained cells or tissues with isopropanol or another suitable solvent to solubilize the 

Oil Red O dye. The resulting solution is then transferred to a microplate. The solution's optical 

density (OD) is measured spectrophotometrically at 510 nm, corresponding to the absorption peak 

of Oil Red O. The OD measurement indirectly measures the amount of lipid accumulation in the 

sample, with higher OD values indicating greater lipid content based on the dissolution of Oil Red 

O. 

Oil Red O staining was quantified by comparing the OD values of the stained treatment 

samples to those of the known lipid standard rosiglitazone and an untreated control sample. The 

results in Figure 13. predictably show a significant increase in lipid accumulation with the 

rosiglitazone-positive control. The PPAR agonist fenofibrate and PPAR agonist GW-0742 

treatment groups had no significant effect on the induction of lipids relative to the untreated 

control, indicating either a lack of specificity for PPAR or differential transcriptional regulation 

associated with PPAR target genes. In comparison, compound 7 (AU-403) had only a minimal 

increase in lipid induction. However, the difference between the no-treatment and positive control 

was insignificant. In combination with supporting results from the PPAR transactivation assays, 

AU-403 displays minor activation of PPAR. This attenuated response, combined with a promising 

physiochemical ADME profile, further strengthens the potential of AU-403 as a viable option in 

AD-related patients. 
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2.6.2 In Vitro Functional Activity: Hepatic (HepG2) Lipotoxicity Assessment of Compound 

7 (AU-403) 

 

HepG2 cells are a type of human liver cancer cells that were first obtained from a 15-year-

old male with a well-differentiated hepatocellular carcinoma. They are frequently used in 

laboratory studies as an in vitro model to investigate various liver-related conditions, such as drug 

metabolism, liver physiology, viral hepatitis, and hepatic lipid metabolism. These cells possess 

several characteristics of normal liver cells, making them a valuable tool for researching liver 

biology and associated diseases. 

One standard method of modeling and studying hepatic steatosis, known as fatty liver 

disease, is to evaluate the ability of a potential therapeutic to induce lipid accumulation in HepG2 

hepatocytes. This condition is characterized by the abnormal storage of lipid droplets in liver cells 

and can be caused by various factors like obesity, insulin resistance, and excessive alcohol 

consumption. Induction of lipid accumulation in HepG2 cells mimics aspects of hepatic steatosis 

in vitro. Screening HepG2 cells for steatosis induction in vitro is essential for early drug discovery 

because it provides valuable insights into the potential hepatotoxicity of compounds, particularly 

those targeting PPAR and LXR. Both PPAR and LXR agonists have been associated with adverse 

effects such as hepatomegaly, hepatic steatosis, and dyslipidemia in preclinical and clinical studies. 

This phenomenon occurs through several mechanisms orchestrated by PPAR and LXR 

signaling pathways. These receptors regulate lipid metabolism by promoting fatty acid uptake, 

synthesis, and storage within hepatocytes. Activation of PPARs and LXRs stimulates the 

expression of genes involved in lipogenesis and adipogenesis, leading to increased lipid droplet 

formation. PPAR and LXR agonists also alter lipid transport processes, enhancing fatty acid uptake 
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from circulation and promoting cholesterol efflux from cells. These changes result in the 

accumulation of triglycerides and cholesterol esters within hepatocytes. Furthermore, activation of 

PPARs and LXRs can induce inflammation and oxidative stress in the liver, exacerbating 

hepatocyte injury and contributing to steatosis development.  

Overall, the dysregulation of lipid metabolism, lipid droplet formation, altered lipid 

transport, and inflammatory responses mediated by many PPAR and LXR agonists have hindered 

the advancement of these classes of compounds toward clinical application. To assess potential 

toxicity profiles associated with selective PPAR modulation and inherent toxicities related to 

ADME physiochemical properties, AU-403 was evaluated and compared to established PPAR 

agonist rosiglitazone, PPAR agonist GW-0742, and LXR pan agonists T0901317 and GW3965. 

All of these reference compounds are known to exhibit hepatic toxicities. HepG2 predominantly 

expresses PPAR, ruling out strict PPAR and PPAR gene transcriptional regulation on the 

observed toxicity. 
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PPAR Agonist Lipotoxicity Profile Evaluation in Hepatocytes (HepG2) 

 

HepG2 cells were treated for twenty-four hours at 5 and 10 uM drug concentrations under 

standard conditions, as shown in Figure 14., compared to a dimethyl sulfoxide (DMSO) vehicle-

treated control. The extent of lipid accumulation after drug treatment was evaluated by Oil red O 

staining, similar to the method described in the previous section for 3T3-L1 adipocyte 

differentiation. The Oil Red O stain results show a comparable dose-response increase in hepatic 

lipid induction for both rosiglitazone and GW-0742. Interestingly, GW-0742 has a reported PPAR 

EC50 value of 2 uM and had no effect on 3T3-L1 adipocyte differentiation, yet it displays a similar 

hepatic lipid induction profile compared to the PPAR agonist rosiglitazone. In comparison, AU-

403 was shown to have some degree of PPAR activation, evidenced by the results in Table 1 and 

Figure 10, yet had no effect on hepatic lipid induction, instead appearing to decrease lipid content 

with an increasing dose-response indicative of PPAR hepatic gene induction.  
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LXR Agonist Lipotoxicity Profile Evaluation in Hepatocytes (HepG2) 

 

The compound T0901317 appeared to have a comparably modest effect on lipid induction 

with both drug concentrations. Based on the role of LXR in hepatocytes, the degree of lipid 

induction could be reasoned to be partially dependent on the availability of extracellular lipid 

uptake in the form of LDL and not an immediate consequence of gene induction. The results from 

the GW3965 treatment group support this assessment, which had no impact on hepatic lipid 

induction with an increasing dose response. Notably, Caymen Chemical reports GW3965 as 

having a six-fold preference for LXR over LXR. These results suggest that LXR is primarily 

responsible for gene-specific hepatic lipid induction, which is avoided by compound 7 (AU-403).  

Both rosiglitazone and GW-0742 are highly selective for their target receptors, 60 nM and 

1 nM, respectively. However, GW-0742 reportedly activates PPAR at 1 uM concentrations thirty 

times more potent than the well-tolerated PPAR agonist fenofibrate. Rosiglitazone is reported as 

having no PPAR activity, however, it displayed a similar hepatic lipid induction to GW-0742.  
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2.7 In Vitro Evaluation of Compound 7 (AU-403): LXR Transactivation 

  

 Further testing was conducted in vivo with compound 7 (AU-403) in 3xTg AD mice given 

a one-month daily intraperitoneal injection of 5 mg/kg (data not reported). The results from the 

AU-403 treatment determined a significant reduction in brain A plaque deposition compared to 

a vehicle-treated control and a significant reduction in tau hyperphosphorylation (data not 

reported). Additionally, AU-403 induced uptake of a fluorescent-tagged A peptide (HiLyte Fluor 

488) in primary rat microglial cells comparably to LXR pan agonist GW3965 (data not reported). 

These results prompted further investigation to determine AU-403 activation of LXR and LXR. 

  LXRs and PPARs are nuclear receptors that regulate lipid metabolism, but they have 

distinct roles in autophagy and clearance processes. While PPARs primarily regulate lipid 

metabolism and adipocyte differentiation, LXRs have been implicated in cholesterol homeostasis 

and inflammation. Specifically, LXRs promote cholesterol efflux and inhibit cholesterol synthesis, 

which can impact cellular processes such as autophagy. In contrast, PPARs are more directly 

involved in regulating lipid storage and adipogenesis. Therefore, LXRs may indirectly influence 

autophagy and clearance more than PPARs, with LXRs primarily affecting cholesterol metabolism 

pathways that intersect with autophagic processes. 

LXRs play a crucial role in the autophagic clearance Aβ in AD due to their involvement in 

regulating lipid transport. Autophagy is a cellular process responsible for degrading and recycling 

damaged or dysfunctional cellular components, including misfolded proteins such as Aβ. LXRs 

have been found to regulate gene expression in autophagy, promoting the clearance of Aβ 

aggregates from the brain. Additionally, LXRs have anti-inflammatory properties and can suppress 

neuroinflammation associated with AD progression. Therefore, activation of LXRs has emerged 



 107 

as a potential therapeutic strategy for enhancing Aβ clearance and reducing neuroinflammation in 

AD. However, the precise mechanisms by which LXRs modulate autophagy and Aβ clearance in 

the context of AD pathology require further investigation. 

Compound 7 (AU-403) was evaluated for human LXR in vitro potency and efficacy using 

a cell-based transactivation assay in HEK-293 cells transfected with a Gal-4 plasmid vector 

containing the hLXRα and hLXRβ A P-binding cassette transporter (ABCA1) - LXR recognition 

elements where the individual experimental values were standardized to renilla (Table 8.). For 

AU-403, Emax was measured relatively to representative LXR agonists GW3965 (LXR EC50 = 

190 nM, LXR EC50 = 30 nM) and T0901317 (LXR ~ LXR EC50 = 50 nM).  

A comparison between the more selective LXR agonist GW3965 and LXR pan agonist 

T0901317 with AU-403 (Table 7) demonstrated an apparent selective activation of the LXR 

isoform coinciding with a comparative hepatocyte lipid accumulation profile observed by 

GW3965 in Figure 14. Unlike GW3965 and T0901317, however, AU-403 displayed no apparent 

activation for LXR. This result is unique as very few LXR agonists have been demonstrated to 

display an inherent selection between the two isoforms. Instead, selectivity is gained through 

ligand size and hydrophobic surface area. Similar to the observation of PPAR agonists.  

In combination with the hepatic lipid accumulation profile observed by AU-403 in Figure 

14., these results have been hypothesized to be a consequence of selectivity for PPAR over 

LXR. As AU-403 displayed no apparent activation of LXR in transactivation assays and a 

lipotoxicity profile similar to PPAR agonist fenofibrate.  

 

 



 108 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 109 

2.8 In Silico LXR Structural Optimization: Structure Identification of Compound 7 (AU-

403) 

  

The compound 7 (AU-403) LXR transactivation results and a well-balanced safety 

profile demonstrated by the physiochemical evaluation presented a unique opportunity to further 

explore selective optimization of the LXR LBD. This distinct avoidance of LXR-induced 

hepatotoxicities via LXR selectivity could provide renewed therapeutic potential in this 

previously stigmatized class of compounds.  To further understand potential modes of LXR 

selectivity related to ligand binding, in silico modeling was used to evaluate the predicted 

binding poses of AU-403 in representative LXR cognate ligand binding poses. To compare 

LXR selectivity, AU-403 was docked into the cognate binding poses for GW3965 using the 

PDB 3IPQ LXR LBD and 4NQA LXR LBD. The lowest-energy docking poses generated for 

AU-403 used standard precision rigid ligand docking. These poses were subjected to flexible-

induced fit docking to gain predictive accuracy (Figure 15.).  

Rigid ligand docking and induced fit docking are two prominent methods used in the 

computational modeling of ligand-receptor interactions, each with distinct approaches and 

applications. Rigid ligand docking assumes that both the ligand and the receptor maintain fixed 

conformations throughout the docking process. This method simplifies calculations and is 

computationally efficient, making it suitable for high-throughput virtual screening where speed is 

essential. However, it often fails to capture the dynamic nature of biological systems, potentially 

missing fundamental interactions and yielding lower accuracy in predicting binding affinities and 

specificities. 



 110 

In contrast, induced fit docking allows flexibility in both the ligand and the receptor. This 

method acknowledges that receptors can undergo conformational changes upon ligand binding, 

resulting in a more accurate representation of molecular interactions. Induced fit docking 

provides a more realistic binding model in vivo by iteratively adjusting the receptor's 

conformation and redocking the ligand. This flexibility comes with a higher computational cost 

and increased complexity, making induced fit docking slower and more computationally 

intensive than rigid ligand docking. However, the enhanced accuracy of induced fit docking in 

capturing the true nature of ligand-receptor interactions makes it invaluable in detailed drug 

design and understanding intricate biological mechanisms. While rigid ligand docking offers 

speed and simplicity, induced fit docking delivers precision and realism, each serving distinct 

roles. 

It is essential to consider induced fit docking for nuclear receptors due to their inherent 

flexibility and dynamic behavior. Nuclear receptors undergo substantial conformational changes 

upon ligand binding, affecting ligand specificity and affinity. Induced fit docking accurately 

models these adjustments, offering better predictions than rigid docking methods. This is crucial 

for understanding how different ligands induce distinct receptor conformations, impacting co-

activator and co-repressor recruitment for gene regulation. In drug design, particularly for 

diseases related to nuclear receptor dysfunction, induced fit docking facilitates the development 

of more effective and selective therapeutics. Additionally, it enhances understanding of the 

detailed mechanisms of ligand-induced receptor activation, providing deeper insights into 

physiological processes. 

From the AU-403-induced fit predicted binding pose generated for LXR, the 1,1-

biphenyl ring containing the trifluoromethyl was deleted to create an R group extension to the 
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AF-2 Tryptophan and Histidine residues. This trifluoromethyl substituent appeared to be 

sterically hindering aromatic interactions with the LXR AF-2, preventing strong interactions, an 

observed requirement for PPAR activation.  Thus, a linear extension was built from the AU-403-

induced fit docking pose using R-group enumeration with pi-cation aromatic ring fragments. Pi-

cation aromatic rings were hypothesized to have increased interaction in the form of hydrogen 

and aromatic hydrogen bonds to assist in the recruitment and stabilization of the LXR AF-2 

(Figure 16.). 

While interactions with the AF-2 had increased with the first R-group enumeration, 

docking scores had depreciated, and the linking imidazole ring was devoid of interaction with the 

active site Phenylalanine residues, a potential determinant to gain an increase in predicted 

binding affinity. To circumvent this issue, a benzyl carbon was inserted between the imidazole 

ring and parent AU-403 structure to allow conformational flexibility and increase the opportunity 

to take advantage of aromatic residue interactions. However, this additional benzyl carbon 

caused the pi-cation aromatic ring system to extend too far into the AF-2, creating several 

repulsive contacts that would infer disruption and destabilization toward activation (Figure 17.).  

Based on the pi-cation R-groups that displayed favorable interactions with the LXR AF-

2 Tryptophan and Histidine residues, i.e., furan and pyridine, it was decided to shift the pi-cation 

aromatic ring to the 1,1-biphenyl 4-position (R1) and the benzyl aromatic substituent was moved 

to the 2-position (R2). This change in structural features allowed the R1 substituent to form 

aromatic interactions with the AF-2 Histidine residue and the R2 to form aromatic interactions 

with the Phenylalanine residues, allowing a conformational preference for alignment (Figure 

18.).  
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The AU-403 derivatization for LXR selective ligands included R1-groups consisting of 

3-furanyl and 2-, 3-, and 4-pyridinyl aromatic rings that could form strong interactions with the 

AF-2 and weakly polar 2-, 3-, and 4-fluorophenyl rings for the R2-groups to strengthen aromatic 

interactions for enhanced predicted binding affinity. To test this hypothesis, a neutral phenyl R2 

substituent was used as a control to assess experimental SAR. 
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 sing 3D  uilder in the  aestro workspace, the induced fit docking pose for A    3 was

derivatized in the biphenyl   position to reduce steric interactions with the LXR A  2.
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R group enumeration was used to extend functionality to the LXR A  2 using pi cation aromatic

rings. While the  ryptophan and Histidine A  2 residues formed aromatic hydrogen bonds with

the ligands pyridinyl ring, overall docking scores had decreased in comparison to the A    3

parent structure.
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A benzyl carbon was inserted between the imidazole ring and parent A    3 structure in the 1,1 

biphenyl   position to allow conformational flexibility and increase the opportunity to take

advantage of aromatic residue interactions.  his structural modification increased the overall

length of the ligands to extend into the A  2 creating repulsive interactions with the  ryptophan

and Histidine. Additionally, this steric clash prevented conformational alignment with the

Phenylalanine residues that line the LXR L D.
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 ased on favorable A  2 interactions with the pi cation R group substituents, i.e., furan and

pyridine, it was decided to shift the pi cation aromatic ring to the 1,1 biphenyl   position (R1) and

the benzyl aromatic substituent was moved to the 2 position (R2).  his change in structural

features generated favorable binding conformations that allowed the R1 pi cation aromatic rings

to form aromatic interactions with the A  2 Histidine residue and the R2 benzyl substituent to

form aromatic interactions with the Phenylalanine residues and was chosen as the lead scaffold for

synthesis.
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R1 Pi  ation:

Pi excessive

heteroaromatic substituents

(3 furan)

R1 Pi  ation:

 eutral  ontrol (phenyl)

 he compound  (A    3) structural derivatives for LXR selectivity were chosen based on

conformational alignment from the R2 benzyl substituents which position the R1 pi cation

aromatic substituents to form favorable hydrogen and aromatic hydrogen bonds with the A  2

 ryptophan and Histidine residues. It was hypothesized that ligands activated the A  2 of LXRs

similar to PPARs.  hus, the goal was to maximize the ligand s ability to form stronger interactions

that could recruit the A  2.
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2.9 Synthetic Scheme for Compound 7 (AU-403) LXR Selective Derivatives  

 

The synthetic sequence described in Figure 20. started with an alkylation of 8 in the 

presence of iodomethane and Cs2CO3 in dimethylformamide (DMF) to generate 4-bromo-2-

fluoro-5-methyl benzoate intermediate 9. Tetrakis(triphenylphosphine)palladium (0) (Pd(PPh3)4) 

catalyzed Suzuki coupling between intermediate 9 and aryl boronic acids with Cs2CO3 in DMF 

to generate intermediates 10a-d. Benzylic bromination of intermediates 10a-d in the presence of 

N-bromosuccinimide (NBS) and azobisisobutyronitrile (AIBN) in DCE afforded the benzyl 

bromide intermediates 11a-c. Suzuki coupling procedure between intermediates 11a and 11c 

with aryl boronic acids yielded the benzyl intermediates 12a-e. Selective reduction of the 

intermediates 12a-e with diisobutylaluminum hydride (DIBAL-H) in hexanes at cryogenic 

temperature using a dry ice and ethyl acetate cooling bath of  -78 °C generated the aldehyde 

intermediates 13. A reductive amination procedure with intermediate 13 and 4 afforded the 

secondary amine intermediates 14. Basic hydrolysis of intermediates 14 yielded the compound 7 

(AU-403) derivative LXR selective agonist series 15. (Steps D, F, and G reference Figure 10) 
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2.10.1 In Silico LXR SAR: Re-Evaluation of LXR Selective Leads  

The synthetic schemes described in Figure 20. c,d presented numerous difficulties in 

generating pi-deficient and pi-excessive heteroaromatics as they did not survive the benzylic 

bromination and/or the second Suzuki coupling. Of the lead heteroaromatic ligands, only the 3-

pyridinyl derivative was successfully synthesized. The neutral phenyl derivatives were able to be 

achieved efficiently.  

Due to the difficulty synthesizing the heteroaromatic lead ligands, dose-response curves 

for the derivative fragment compounds Figure 21. were compared similarly against GW3965 for 

LXR and LXR activation before the final synthetic steps to generate the complete derivatives 

containing the parent active site moiety meta-substituted benzoic acid functionality for compounds 

13-15 (Figure 20.). It was hypothesized that these fragment pieces would have little activity as the 

AU-403 parent active site moiety was the major determinant for conformational preference in the 

LXR LBD. The results have not been reported, as the compounds 12a-e did not produce a 

significant change in activation for either LXR or LXR. These results prompted continued 

evaluation of in silico modeling to better understand the role of ligands at the LXR LBDs and to 

find alternative structures that would be more synthetically accessible. The initial step towards 

synthetic accessibility was to reevaluate the neutral control phenyl derivatives compounds 12b-e 

as their intended complete derivative compounds 15b-e. 
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Remaining   nthetic  teps to LXR  elective Derivatives

 he compound  (A    3) LXR selective derivative fragments were tested for transactivation of

the LXR and LXR receptors before synthetic steps for selective reduction and subsequent

attachment of the A    3 aminomethyl benzoate active site moiety to generate compounds 13 1 ,

 igure 2 .
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2.10.2 In Silico LXR SAR: Receptor Site Map Analysis 

 

The analysis of LXR and LXR LBD crystal structures (Figure 22.) revealed dramatic 

differences between every SiteMap descriptor. The LXR LBD receptor site volume is 

approximately two-fold larger than the LXR LBD receptor site. This result is likely in response 

to the cognate ligand GW3965, as SiteMap parameters were chosen to evaluate a single ligand 

binding site. Interestingly, GW3965 is a large lipophilic ligand with a molecular weight of 582 

g/mol and EC50 values of 6.3-fold greater at LXR.  

LXR has a Balance score that is 2.5-fold greater than LXR, indicating a stronger 

preference for hydrophobic ligands and a mechanism of substrate selectivity, much like PPAR 

(Figure 4.). LXR action is primarily regulated by oxysterols, which are oxidized forms of 

cholesterol, to upregulate cellular bile acid synthesis and efflux mechanisms in the clearance of 

excess cholesterol. Additionally, these results reflect specific differences observed in LXR 

isoform-specific physiological function as LXR tissue expression is localized to glandular 

epithelium tissues, and LXR expression is localized to specialized epithelium tissues.  

The LXR LBD AF-2 exhibits less dependency on polar interactions than the PPAR 

receptors. This means that the activation of LXRs is less reliant on polar interactions within the 

ligand-binding pocket for its activation than that of the PPARs. Instead, LXRs are more influenced 

by hydrophobic interactions and structural changes induced by ligand binding. This characteristic 

of LXRs contributes to their unique ligand-binding properties and may impact the specificity and 

potency of ligands that interact with the LXR AF-2 domain. Overall, understanding the distinct 

structural features and ligand-binding mechanisms of LXRs compared to PPARs is essential for 

designing selective modulators and elucidating their biological effects. 
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2.10.3 In Silico LXR SAR: Protein Energy Minimization 

 

Protein-energy minimization is a computational technique used to optimize the three-

dimensional structure of a protein molecule by minimizing its potential energy. Performing protein 

energy minimization aims to obtain a stable and energetically favorable protein conformation 

representing its lowest energy state. This optimized structure can provide valuable insights into 

the protein's stability, dynamics, and interactions with other molecules, such as ligands or other 

proteins. Minimizing the protein's potential energy allows unfavorable interactions between atoms 

or residues within the protein molecule to be alleviated, leading to a more realistic representation 

of its native conformation. Additionally, energy minimization can be used to predict 

conformational changes induced by ligand binding or mutations, aiding in understanding protein 

function and dynamics. 

Understanding a protein's cognate and native-apo poses is crucial for elucidating its 

structure-function relationship and drug discovery efforts. The cognate pose represents the 

protein's conformation when bound to its native ligand or substrate, while the apo pose represents 

the protein in its ligand-free state. Comparing these two poses can provide insights into how the 

protein undergoes conformational changes upon ligand binding and how these changes affect its 

function. This leads to understanding the crucial protein-ligand contacts required to generate an 

active pose. 

Protein-energy minimization was employed to generate the apo pose, which allows for 

exploring the protein's inherent flexibility and dynamics without a ligand. This information is 

invaluable for designing ligands that can effectively target the protein by stabilizing its active 

conformation or modulating its activity. Additionally, understanding the apo pose can aid in virtual 
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screening studies to identify potential ligands or inhibitors through molecular docking simulations. 

Therefore, comprehending the differences between the cognate and apo poses provides critical 

insights into the molecular mechanisms underlying protein-ligand interactions, essential for 

rational drug design and optimization efforts. 

Designing selective LXR agonists poses a significant challenge, as these receptors exhibit 

distinct conformational dynamics compared to other nuclear receptors like PPARs. To accurately 

predict the conformational requirements and efficacy of potential LXR agonists, generating an apo 

state of the LXR LBD utilizing protein structural energy minimization was imperative. The LXRα 

LBD exhibits unique conformational features in its apo state, essential for ligand binding and 

receptor activation. The apo-LXRα L D (Figure 23A) undergoes a constriction when protein 

energy minimization occurs, forming a charge clamp between Glutamate 267 of the H2 helix and 

Arginine 305. A coordinating hydrogen bond with Glutamine 223 stabilizes this clamp, securing 

the H2 and H1 helices connected to the DNA Hinge Region. Furthermore, the AF-2 Tryptophan 

443 residue is anchored by a bifurcated aromatic hydrogen bond from Histidine 421 and a 

hydrophobic contact between the Tryptophan indole 6-Hydrogen and the Methionine 298 sulfur 

atom, which stabilizes the AF-2/H12 helix to the H3 Helix (Figure 23A). 

In contrast, the cognate-LXRα L D (Figure 23B) displays a different conformation. It 

shows a disrupted charge clamp interaction, leading to the release of Glutamine 223 and the 

consequent liberation of the H1 helix from the H2 helix into an active state. This is significant as 

it shows that the contact between AF-2 Tryptophan 443 and Methionine 298 is lost, leading to the 

release of the AF-2/H12 helix from the H3 helix. 

In the apo state, the constricted LBD signifies a significant conformational change upon 

ligand binding. The apo state represents the receptor without a ligand, where the LBD undergoes 
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energy minimization to optimize its conformation. This constricted state is characterized by 

specific interactions between key residues, such as a charge clamp formed between Glutamate 267 

and Arginine 305, stabilizing the H2 helix. Moreover, the AF-2 region is secured by interactions 

involving Tryptophan 443 and Methionine 298, ensuring the stability of the AF-2/H12 helix. 

However, upon ligand binding, this constricted apo state transitions to a more open and active 

conformation, known as the cognate pose. The cognate pose disrupts the charge clamp, releasing 

the H1 helix and repositioning the AF-2 region for optimal ligand binding. This transition signifies 

a significant conformational change that enables the receptor to accommodate the ligand and 

initiate downstream signaling pathways. Understanding the dynamics of this conformational 

switch is crucial for designing ligands that can effectively modulate LXR activity for therapeutic 

purposes. 
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2.10.4 In Silico LXR SAR: Protein Energy Minimization 

 

In the apo state of the LXR LBD, protein-energy minimization causes a charge clamp to 

form between Glutamate 281 and Arginine 319 in the H2 helix. This clamp is stabilized by a 

coordinating hydrogen bond to Asparagine 239, ensuring the stability of the H2 and H1 helices 

connected to the DNA Hinge Region. An aromatic hydrogen bond and a pi-pi interaction from 

Histidine 421 also secure the AF-2 Tryptophan 457 residue. Unlike in LXR, vdW interactions 

position the Methionine 312 sulfur atom between the Tryptophan 457 indole 5-H and 6-H (Figure 

24A). 

On the other hand, in the cognate state of the LXR LBD, the charge clamp observed in 

the apo state is disrupted (Figure 24B). However, this disruption is less dramatic than the 

analogous interaction observed in LXR (Figure 23), as it is accompanied by compensatory ligand 

contacts that release the H1 helix from the H2 helix by disrupting the coordinated hydrogen bond 

involving Asparagine 239. Furthermore, the conformation of the AF-2 Tryptophan 457 residue 

undergoes a retraction, aligning the indole 5-H and Methionine 312 sulfur atom to form an 

energetically favorable interaction. This interaction is crucial in destabilizing the release of the 

AF-2/H12 helix from the H3 helix, facilitating the transition to an active conformation conducive 

to ligand binding and downstream signaling. 

Compared to the LXR LBD, the structural changes observed in the LXR LBD during 

the transition from the apo to the cognate state exhibit similarities and differences. Like LXR, 

LXR undergoes a conformational change characterized by the disruption of a charge clamp in 

the apo state, which is replaced by compensatory ligand contacts in the cognate state. However, 

the specific residues involved in forming the charge clamp and the subsequent ligand interactions 
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vary between LXR and LXR due to differences in their amino acid sequences and structural 

characteristics. Additionally, while both LXR and LXR undergo rearrangements in the AF-2 

helix and its associated residues, the precise details of these conformational changes may differ 

between the two isoforms. Despite variations in substrate conformational requirements, the overall 

mechanism of ligand-induced conformational changes leading to activation of LXR signaling 

pathways appears to be conserved between LXR and LXR. 
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  A  Apo LXR L D When protein energy minimization is applied to the LXR L D, it

forms a charge clamp between the H2 helix Glutamate 2 1 and Arginine 319.  his clamp is

secured by a coordinating hydrogen bond to Asparagine 239, which secures the H2 and H1 helix

connected to the Hinge Region.  he A  2  ryptophan    residue is also secured by an aromatic

hydrogen bond and a pi pi interaction from Histidine  21. Importantly, unlike in LXR , vdW

interactions position the  ethionine 312 sulfur atom between the  ryptophan    indole   H and

  H.

     ognate LXR L D In the cognate LXR L D, the charge clamp is disrupted and

replaced by compensatory ligand contacts, which release the H1 helix from the H2 helix by

disrupting the coordinated Asparagine 239 hydrogen bond. Additionally, the A  2  ryptophan    

residue conformationally retracts, aligning the indole   H and  ethionine 312 sulfur atom to form

an energetically favorable interaction that restabilizes the release of the A  2 H12 helix from the

H3 helix.
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2.10.5 In Silico LXR SAR: Minimized AF-2 Visualization  

 

The LXR LBD's apo state is a complex system that relies on specific residue interactions 

to maintain stable conformational dynamics. An in-depth visualization of the energy involved 

reveals that the Methionine 298 sidechain undergoes a precisely calculated rotation at a dihedral 

angle of  1.1˚.  his position aligns the sulfur atom and the indole ring  -H of Tryptophan 443 to 

create a pseudo-hydrogen bond, stabilizing the AF-2/H12 and H2 helices with incredible precision. 

Additionally, the Histidine  21 imidazole sidechain, oriented at a ring angle of   .9˚, forms a 

robust N1-H bifurcated hydrogen bond with the pyrrole and benzene rings of Tryptophan 443 

(Figure 25A). 

In contrast, the cognate state of the LXR LBD sees the Methionine 298 sidechain undergo 

a more pronounced rotational dihedral angle of   . ˚.  his shift reduces the strength of vdW 

interactions between the Tryptophan 443 indole ring 6-H and 7-H. The orientation of the Histidine 

 21 imidazole sidechain at a ring angle of  3˚ allows it to maintain its interaction with the 

Tryptophan 443 indole ring. This transformation turns the N1-H interaction into an aromatic 

hydrogen bond with the indole benzene ring (Figure 25B). These structural changes highlight the 

LXR LBD's dynamic nature and remarkable adaptability to ligand binding - a key factor in the 

transition from the apo to the cognate state. 
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2.10.6 In Silico LXR SAR: Minimized AF-2 Visualization 

 

The LXR LBD exhibits significant structural differences in its apo state compared to 

LXR.  ethionine 312's sidechain is positioned at a rotational dihedral angle of   . ˚, causing its 

sulfur atom to rest between the Tryptophan 457 indole ring 5-H and 6-H, leading to weak van der 

Waals packing interactions. Furthermore, the Histidine 435 imidazole sidechain is angled at a ring 

angle of   . ˚, forming a  2-H bifurcated aromatic hydrogen bond with the pyrrole and benzene 

rings of Tryptophan 443 (Figure 26A). 

Conversely, the cognate state of the LXR LBD exhibits structural changes compared to 

the apo state.  ethionine 312's sidechain adopts a rotational dihedral angle of   . ˚, resulting in 

its sulfur atom approaching an energetically favored pseudo hydrogen bond with the Tryptophan 

443 indole ring 7-H. Additionally, the Histidine 421 imidazole sidechain is angled at a ring angle 

of   . ˚ to the plane of the  ryptophan   3 indole sidechain, thus reinforcing the  2-H bifurcated 

aromatic hydrogen bond to the indole pyrrole and benzene rings (Figure 26B). These observations 

indicate a more dynamic nature of the LXR LBD and its ability to undergo conformational 

changes when ligand binding occurs, similar to LXR, but with distinct structural characteristics 

that would suggest a distinction in substrate specificity between the two LXR isoforms. 
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2.10.7 In Silico LXR SAR: Predicted Binding Pose Compound 7 (AU-403) LXR LBD 

 

The predicted mode of compound 7 (AU-403) with the LXR LBD is determined by 

interactions with specific residues crucial in stabilizing the AF-2 region and influencing the 

conformational bias of coactivators and corepressors. Among these residues, Tryptophan 443 is 

the most important as it acts as a crucial contact site for the ligand, similar to the AF-2 Tyrosine 

residue observed in the PPAR LBDs. Methionine 298 and Histidine 421 also significantly secure 

the AF-2 by coordinating aromatic hydrogen bonding with Tryptophan 443. This leads to 

significant conformational changes in the LXR AF-2, primarily driven by compensatory 

hydrophobic, aromatic, and weakly polar ligand contacts (Figure 27.). 

In the case of AU-403, its meta-benzoic moiety forms charged contacts with Arginine 305 

and accepts a hydrogen bond from Serine 264, guiding the dibenzylamine polar anchor point to 

donate a hydrogen bond to Threonine 302. Moreover, the benzoic acid aromatic ring creates a 

steric barrier that favors the shifting of the Methionine 298 sidechain's rotational dihedral angle to 

  .2˚, preventing the formation of a pseudo-hydrogen bond with the Tryptophan 443 indole C7-

H, which is indicative of a transition to an active state. 

However, the 1,1-biphenyl ring system of AU-403 forms aromatic hydrogen bonds with 

Phenylalanine 257, 315, 326, and 335, thereby preventing extension into the AF-2 region. This 

interaction strengthens the bifurcated aromatic hydrogen bond between Tryptophan 443 and 

Histidine 421, which resembles the configuration observed in the apo-state. The ligand docking 

poses were generated based on the X-ray structure of the GW3965 synthetic agonist bound to 

LXR-alpha (PDB: 3IPQ). 
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2.10.8 In Silico LXR SAR: Predicted Binding Pose of Compound 7 (AU-403) LXR LBD 

 

The selectivity for LXR observed with compound 7 (AU-403) has been attributed to the 

specific molecular interactions between the ligand and critical residues within the LXR LBD that 

promote a selective conformational bias, similar to the predicted binding poses generated with 

PPAR and PPAR. By targeting key residues unique to LXR, AU-403 demonstrates a 

preference for this isoform, offering potential therapeutic advantages in modulating LXR-

mediated cholesterol efflux pathways while minimizing off-target effects on LXR (Figure 28.). 

LXR and LXR exhibit distinct binding characteristics due to differences in residue 

composition and conformational preferences. AU-403 interacts with residues unique to the LXR 

AF-2 region in the predicted binding mode. The meta-benzoic acid moiety of AU-403 forms a 

hydrogen bond with Serine 278 in LXR, a residue contact absent in LXR. This interaction 

positions AU-403 to adopt an active conformation within the LXR LBD by limiting potential 

charged contacts with Arginine 319 and enabling the ligand's hydrophobic tail extension into the 

AF-2 pocket. 

Moreover, the specific arrangement of the 1,1-biphenyl ring system in AU-403 is equally 

crucial in enhancing selectivity for LXR. This ring system forms unique aromatic hydrogen 

bonds with residues Threonine 272 and Phenylalanine 271, differing from the corresponding 

interactions observed in LXR. The induced steric strain caused by the 1,1-biphenyl ring system 

strengthens interactions with residues like Histidine 435, promoting a conformational shift in the 

AF-2 region towards the active state. 

The observed selectivity for LXR with AU-403 highlights the importance of 

understanding the molecular interactions that govern ligand-receptor binding, as these interactions 
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are critical in determining selectivity for this isoform. Specific modulation of LXR-mediated 

pathways by AU-403 offers a novel therapeutic approach for treating AD and associated metabolic 

disorders such as atherosclerosis and diabetes in the paradigm of APOE4-associated deficits. 

In conclusion, the selectivity for LXR with AU-403 is a significant advancement in drug 

discovery. The molecular insights gained from this study will aid in developing more selective 

LXR agonists, which could have far-reaching clinical implications. This research underscores the 

importance of a detailed understanding of the molecular interactions that govern ligand-receptor 

binding in drug design. 
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2.10.9 In Silico LXR SAR: Predicted Binding Pose of Compound 15d in the LXR LBD 

 

The specific modulation of LXR isoforms has emerged as a promising area for drug 

discovery. This would allow drug designs to specifically target individual biological pathways 

associated with each isoform. In particular, a ligand that acts as an agonist for LXR but an inverse 

agonist for LXR could offer several advantages.  

Firstly, it enables selective targeting to avoid potential off-target effects and improve 

therapeutic outcomes by activating or inhibiting desired pathways. Secondly, such selectivity may 

help to reduce side effects associated with systemic LXR activation, especially undesirable effects 

linked to hepatic LXR activation, like hepatic lipogenesis and hypertriglyceridemia. Thirdly, 

differential modulation of LXR isoforms allows for versatile therapeutic applications, making it 

possible to address conditions associated with impairments in lipid transport observed in AD, 

atherosclerosis, and related metabolic disorders where LXR activation specifically regulates 

cholesterol efflux, thus minimizing adverse effects while stimulating an immune response to clear 

pathogenic material. Moreover, this rational drug design aligns with the principles of precision 

medicine. This emerging field focuses on developing personalized treatments tailored to individual 

patients based on their specific disease subtype or genetic makeup. This approach also promises 

to develop safer and more effective therapies across various metabolic diseases.  

Compound 7 (AU-403) was subjected to manual iterative ligand structural optimization to 

increase extension into the LXR AF-2 region by adding a benzyl aromatic ring moiety to enhance 

binding energy through aromatic hydrogen bonds and pi-pi stacking interactions. The unique 

conformational selectivity observed with the AU-403 3-(aminomethyl)benzoic acid moiety, which 
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conferred a distinct PPAR activation profile, was subsequently observed in LXR; thus, this feature 

was maintained.   

In the predicted binding mode for LXR, the meta-benzoic acid moiety of the lead 

derivative forms a single charged contact with Arginine 305. This interaction strategically 

positions the aromatic hydrogens to sterically hinder the charge clamp formed between Glutamate 

267 and Arginine 305, stabilizing the ligand-receptor complex. Moreover, the 1,1-biphenyl ring 

system of the lead derivative engages in pi-pi stacking interactions with Phenylalanine 326. At the 

same time, the polar anchor point dibenzylamine forms a hydrogen bond with the sulfur atom of 

Methionine 298 (Figure 29.). 

Significantly, the ligand's hydrogen bonding interaction with Methionine 298 induces a 

conformational change in the sidechain methyl group, orienting it in a flipped-up position above 

the plane of the Tryptophan 443 indole ring. This repositioning of Methionine creates a steric 

barrier that prevents the Tryptophan AF-2 region from transitioning to an active conformation. 

Furthermore, the 3-fluorophenyl aromatic ring of the lead compound aligns perpendicular to the 

plane of the Histidine 421 imidazole ring, facilitating favorable vdW packing interactions. 

 

 

 

 

 

 

 

 



 145 

 

 

 

 

 

 igure   . Predicted  inding Pose of  ompound 1 d in the LXR L D

A   / 1 

 RP    

       

ARG    

P      P      

      1

  

  

His  rp Ring Distance: 2.1 , 2.    

His  rp Ring Angle:  9. ˚

 et  rp  ond Distance: 3.    

 et  rp  ond Angle: 12 . ˚

 et Rotational Dihedral:  2.1˚

 lip  p

Predicted  inding  ode LXR .  he compound 1 d meta benzoic acid forms a single charged

contact to Arginine 3  which positions the aromatic hydrogens to sterically hinder the Glutamate

2   Arginine 3  charge clamp.  he lead compound s 1,1 biphenyl ring system preferentially

forms a pi pi stacking interaction with Phenylalanine 32 as benzylamine s polar anchor point

forms a hydrogen bond to the  ethionine 29 sulfur atom.  he ligand hydrogen bond to

 ethionine 29 conformationally positions the residue sidechain methyl group in a flipped up

position above the plane of the  ryptophan   3 indole ring, thus providing a steric barrier to an

active conformation . Additionally, the lead compound s 3 fluorophenyl aromatic ring positions

perpendicular to the plane of the Histidine  21 imidazole ring to form favorable vdW packing

interactions that strengthen the intramolecular A  2  ryptophan bifurcated hydrogen bonds.

Ligand docking poses were generated using the PD : 3IP  X ray structure of GW39  

synthetic agonist bound to LXR alpha.
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2.10.10 In Silico LXR SAR: Predicted Binding Pose of Compound 15d in the LXR LBD 

 

In the LXR LBD, the full lead derivative from compound 12d forms coordinated 

interactions, including ionic, ion-dipole, and hydrogen bond interactions between Serine 278 and 

Arginine 319 (Figure 30.). This leads to a unique conformational change in the charge clamp, 

pulling it towards the interior of the receptor site. As a result, the hydrogen bond between the H1 

Asparagine 239 and Arginine 319 is lost.  

On the other hand, in the LXR LBD, a similar charge clamp disruption was observed, but 

it was predominantly caused by the ligand's interaction with Glutamate 267 and Arginine 305. The 

ligand's polar anchor point, dibenzylamine, adopts a distinct conformational inversion in the LXR 

LBD, as it positions the alpha benzyl hydrogens to sterically hinder the Methionine 312 sulfur 

atom contact, instead favoring a hydrogen bond donation to Threonine 302. This differs from the 

LXR LBD, where the polar anchor point of the dibenzylamine formed a hydrogen bond with 

Glutamine 223 (Figure 29.). 

Additionally, in the LXR LBD, the ligand's 3-fluorophenyl-1,1-biphenyl ring system 

forms several pi-pi and aromatic hydrogen bond interactions with the Phenylalanine 329, 340, and 

349 residues in an inverse binding position compared to what was predicted in the LXR LBD. In 

contrast, the LXR LBD's ligand biphenyl ring system primarily interacted with Phenylalanine 

257, 315, 326, and 335. 

The inverse binding mode observed in the LXR LBD enables the ligand's 1,1-biphenyl 

benzene ring to be positioned perpendicular to the Histidine 435 imidazole ring, facilitating an 

active conformation of the His-Trp ring angle. This differs from the LXR LBD, where the 

ligand's biphenyl benzene ring formed a pi-pi stacking interaction with Phenylalanine 326. 
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Chapter 3: Conclusions and Future Directions 

  

      In summary, this research project has described the results obtained from a CADD-

assisted rational drug design of AU-403, a novel PPAR / agonist for clinical application in AD 

patients. Throughout the course of this study, a panel of representative PPAR and LXR agonists 

were used to provide experimental feedback that guided in silico predictions and interpretation. 

These representative agonists were chosen based on factors of target selectivity and the 

consequence of physiochemical properties associated with known toxicities. This study revealed 

that nuclear receptor selectivity based on strong binding and low EC50 values presented inherent 

problems with ADME-associated toxicities. The hydrophobic nature of the PPAR LBD 

demonstrates this problem effectively as this class of drug has failed to reach clinical testing as 

they commonly display excessively lipophilic chemical structures prone to be poorly bioavailable 

with limited therapeutic efficacy. Similarly, LXR nuclear receptor agonists display the same 

tendencies due to strong binding interactions to hydrophobic receptor sites, which are 

representative of the endogenous oxysterol substrates.  

Uniquely, the AU-403 chemical structure revealed a distinct conformational bias as a 

means of PPAR/ selectivity and, most importantly, a novel meta-substituted aminomethyl 

benzoic acid binding moiety that displays ideal ADME physiochemical properties for greater drug 

tolerability and therapeutic application. Interestingly, AU-403 exhibited a similar conformational 

bias that conferred LXR selectivity. The initial derivatization of the LXR selective leads was 

based on previous observations with the PPAR receptors, where it was hypothesized that ligand 

contacts to the AF-2 were dependent on strong interactions for activation. However, on in silico 

re-evaluation of AU-403 and subsequent LXR selective leads, it would appear that this initial 



 149 

hypothesis was incorrect. Intriguingly, aspects of AU-403 PPAR conformational selectivity 

appear to overlap with the same observations for LXR conformational selectivity, conferring 

potential substrate overlap.  

The concept of lock and key is used as a simple analogy to explain the importance of 

stereochemistry in the molecular recognition process. This analogy illustrates how specific 

molecules, like enzymes and receptors, bind to particular ligands or substrates by recognizing their 

complementary shapes and chemical features. For successful binding to occur, the ligand or 

substrate must have a compatible shape, stereochemistry, and chemical functional groups with 

those of the binding site. This ensures that only specific molecules with the correct "key" can 

interact with and bind to the receptor or enzyme, much like only the correct key can open a 

particular lock. 

Stereochemistry also plays a significant role in drug pharmacokinetics and 

pharmacodynamics, affecting bioavailability, metabolic stability, and therapeutic 

activity. Furthermore, understanding stereochemistry is essential for predicting and managing 

adverse effects, as enantiomers may have distinct pharmacological and safety profiles. Regulatory 

agencies usually require the characterization and evaluation of stereoisomers in drug development 

to ensure safety and efficacy. 

Endogenous substrates that activate PPARs include various molecules derived from lipids, 

such as fatty acids, oxidized lipids, and eicosanoids. These molecules often have multiple 

stereocenters, resulting in different stereoisomers with distinct biological activities and 

interactions with PPARs. Stereochemistry plays a critical role in the spatial arrangement of 

functional groups within these molecules, affecting their binding affinity, selectivity, and 

biological effects on PPARs. 
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For instance, the stereochemistry of fatty acids, particularly at the alpha carbon, which is 

adjacent to the carboxylic acid moiety, impacts their ability to activate PPARs. Saturated and 

unsaturated fatty acids with specific stereochemical configurations have been shown to selectively 

activate different PPAR isoforms, which leads to varying effects on metabolic pathways and gene 

expression. 

Moreover, endogenous lipid mediators, such as prostaglandins, leukotrienes, and various 

metabolites of polyunsaturated fatty acids, exhibit stereospecific interactions with PPARs to 

regulate intracellular signaling in response to lipid metabolism and energy homeostasis. Certain 

stereoisomers of these lipid mediators have been reported to modulate PPAR activity and 

downstream signaling pathways involved in inflammation, immune response, and lipid 

metabolism. 

Similarly, LXRs are essential in lipid metabolism related to cholesterol homeostasis, lipid 

metabolism, and inflammation. Oxysterols, oxidized cholesterol derivatives, serve as endogenous 

ligands for LXRs. The oxidation state and stereochemistry of the oxysterol molecule determine its 

ability to bind to LXRs with specificity and selectivity. Certain oxysterol stereoisomers are 

reported to exhibit higher LXR isoform affinity and selectivity for LXRs compared to others, 

influencing their ability to activate LXR signaling pathways. 

Activation of LXRs by their endogenous ligands results in 

pronounced transcriptional changes in gene expression. These changes profoundly impact various 

cellular functions, including metabolism, lipid balance, and immune response. One of the primary 

benefits of LXR activation is the transportation of cholesterol in the opposite direction, reducing 

cholesterol absorption, lowering the production of fats, and increasing insulin sensitivity. 

Moreover, LXRs play a crucial role in regulating the response to inflammation in the immune 
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system. 

The study of lipid mediators and oxysterols is immensely significant in various biological 

pathways. However, identifying, isolating, and characterizing these molecules is challenging due 

to their structural diversity and complexity. The transient nature of lipid mediator signaling and 

the low abundance of oxysterols in biological systems further complicate their study. The 

multifaceted roles played by these molecules in cellular signaling, inflammation, metabolism, and 

immune regulation require interdisciplinary approaches and advanced analytical techniques for 

comprehensive investigation. Furthermore, the dynamic interplay between lipid mediators, 

oxysterols, and other signaling molecules adds another layer of complexity to unraveling their 

biological functions. Despite these challenges, ongoing research efforts increasingly recognize the 

importance of lipid mediators and oxysterols in health and disease, highlighting the need for further 

exploration to elucidate their roles in physiological and pathological processes. 

Evaluating hormones solely based on blood levels is a complex task. Several factors make 

it challenging. Hormone secretion follows diurnal rhythms, varying levels throughout the day. 

Feedback mechanisms further complicate hormone regulation, as changes in hormone levels 

trigger feedback loops that modulate further hormone production. Hormones can also circulate and 

be bound to carrier proteins, with only the free fraction having biological activity. Metabolism and 

clearance processes, along with individual variability influenced by genetics, age, sex, and health 

status, also affect hormone levels. Therefore, interpreting hormone blood tests requires careful 

consideration of clinical context, symptoms, and additional diagnostic tests for a comprehensive 

assessment of endocrine function. 

Hormones have numerous and diverse effects on AD. Insulin dysregulation and resistance 

impact glucose metabolism and contribute to the buildup of Aβ plaques and    s, central to AD 
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pathology. Sex hormones like estrogen and testosterone play a neuroprotective role, with 

decreasing levels correlating with increased AD risk.  hyroid hormone dysfunction may affect Aβ 

production and tau phosphorylation, while stress hormones like the well-known oxysterol 

metabolite cortisol aggravate neuroinflammation and oxidative stress in AD. 

Recent research has suggested that chronic stress and dysregulation of the hypothalamic-

pituitary-adrenal (HPA) axis are major contributors to AD pathogenesis. The HPA axis regulates 

cortisol secretion, and when cortisol levels are elevated, they can promote the accumulation of Aβ 

plaques and NFTs. Moreover, recent studies have indicated that cortisol can trigger the excessive 

phosphorylation of tau proteins, negatively impacting synaptic plasticity and increasing neuronal 

apoptosis. These biological effects of cortisol have been identified as potential contributors to the 

cognitive impairment and neurodegenerative processes associated with AD. Additionally, stress-

related factors, such as glucocorticoid receptor dysregulation, oxidative stress, and 

neuroinflammation, can also exacerbate AD pathology and accelerate disease progression. 

These findings suggest that chronic stress and HPA axis dysfunction could be pivotal in 

the development and progression of AD. They paint a clearer picture of the disease's 

pathophysiology by promoting the accumulation of Aβ plaques and tau tangles, disrupting synaptic 

plasticity, and increasing neuronal apoptosis. This understanding is a crucial step towards 

developing innovative therapeutic applications like LXR selective agonists, offering a glimmer 

of hope in the fight against AD. Intriguingly, LXR activation plays a crucial role in the innate 

immune response through the regulation of APOE.   

In addition to its metabolic function, APOE helps clear waste products such as cellular 

debris, aggregated proteins, and lipids from the brain by phagocytosis through microglia and other 

immune cells. The efficiency of this process varies with the APOE isoform—the APOE2 and 
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APOE3 isoforms are more efficient than the APOE4 isoform. In individuals carrying the APOE4 

allele, the impaired clearance of Aβ fibrils and other pathological aggregates by microglia may 

contribute to the progression of AD pathology. 

Therefore, the conformational bias observed in the AU-403 predictive poses suggests a 

unique stereochemical requirement to access the PPAR and LXR isoforms that has major clinical 

implications for furthering our understanding of the complex dynamics associated with hormone 

signaling and AD. The AU-403 chemical structure and subsequent derivatives were designed 

according to in silico predictive ADME toxicity filters that follow the "Rule of Five," also known 

as Lipinski's Rule of Five, a set of guidelines used in drug discovery and development to assess 

the potential for a compound to be orally bioavailable and to have favorable pharmacokinetic 

properties. The results obtained from physiochemical experimental determination of the AU-403 

chemical structure and reference structures were in good agreement with in silico predicted ADME 

toxicity assessments.  

In conjunction with experimental functional activity, a remarkable amount of information 

was gathered to evaluate the synergistic effects associated with a mixed panel of PPAR and LXR 

agonists, which was carried out to assess the accuracy of in silico predictions. Therapeutic options 

for patients and families suffering from the debilitating effects of AD and associated dementias 

remain limited. However, effective CADD-assisted drug discovery strategies are being developed 

in response to the information gathered from the AU-403 study. Future work will explore the 

association of the various forms of oxysterols and their association with gene regulation, as well 

as cross-correlating lipidomic and transcriptomic studies, to understand the impact of LXR 

selective modulation on hormone signaling and AD.  
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Chapter 4: Experimental Section 

 

4.1 Compound 7 (AU-403) Synthetic Scheme 1. 

  

General Methods 3-fluoro-3’-(trifluoromethyl)-[1,1’-biphenyl]-2-carbaldehyde (3). 

K3PO4 (21.0 g, 99 mmol; 2 eq.) and TBAB (15.9 g, 49.3 mmol; 1 eq.) were combined into 

a round bottom flask (RBF) and mixed with purified water (24 mL) under sonication. 2-bromo-6-

fluorobenzaldehyde (1) (10.0 g, 49.3 mmol; 1 eq.) and 2-trifluoromethyl)phenylboronic acid (2) 

(9.4 g, 49.3 mmol; 1eq.) were dissolved separately in THF (48 mL). The THF mixture was 

combined with the aqueous suspension and stirred vigorously at   ˚  . Pd(OAc)2 ( .1 g,  .  mmol; 

0.01 eq.) was added to the reaction solution and stirred for twelve hours. The THF layer was 

decanted from the aqueous suspension. The aqueous suspension was diluted with petroleum ether 

(150 mL) and filtered with a Buchner funnel. The petroleum ether and THF layers were combined 

and then filtered through a silica plug, dried over sodium sulfate, and concentrated under reduced 

pressure to give 12.7 g of the expected product (3) as a light-yellow viscous liquid at room 

temperature (yield = 96%). C14H8F4O. MS(EI) m/z: 268.1. 1H NMR (399 MHz, cdcl3) δ  .1  (d, J 

= 1.1, 7.7 Hz, 1H), 7.20 – 7.25 (d, 1H), 7.50 (d, J = 1.6, 7.7 Hz, 1H), 7.54 – 7.59 (t, 1H), 7.59 – 

7.61 (m, 1H), 7.61 – 7.64 (t, 1H), 7.68 (d, J = 0.9, 7.7 Hz, 1H), 10.06 (s, 1H). 

 

Methyl 3-(aminomethyl)benzoate (5). 

3-(Aminomethyl)benzoic acid hydrochloride (2.0 g, 10.6 mmol; 1 eq.) was dissolved in 

anhydrous MeOH and cooled in an ice bath. Thionyl chloride (1.6 g, 13.3 mmol; 1.2 eq.) was 

added dropwise to the cooled reaction solution and stirred for twelve hours. The solvent was then 
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removed under reduced pressure to yield the amine hydrochloride salt as a white powder. Before 

the reductive amination reaction in Figure 10.c, the amine hydrochloride salt was neutralized in a 

minimal volume of aqueous 1.0 M NaOH. The neutral amine was extracted from the alkaline 

aqueous solution using chloroform or DCM and concentrated under reduced pressure.   

 

Methyl 3-[{{[3-fluoro-3’(trifluoromethyl)-[1.1’-biphenyl]-2-yl]methyl}amino}methyl]benzoate 

(6). 

 (i) Compounds 5 (6.3 g, 37.7 mmol; 1 eq.) and  3 (10.1 g, 37.7 mmol; 1 eq.) were added 

to an RBF and dissolved in DCE (30 mL) with constant stirring for three hours. The solvent was 

removed under reduced pressure to yield the imine intermediate.  

(ii) The imine intermediate was redissolved in anhydrous MeOH (30 mL) at 50○C followed 

by incremental addition of NaBH4 (0.3 g, 9.4 mmol; 0.25 eq.). The solvent was removed under 

reduced pressure, and the residue was taken up with ethyl acetate (50 mL). The organic phase was 

washed with a saturated bicarbonate solution (25 mL), dried on sodium sulfate, and filtered. The 

solvent was removed under reduced pressure to yield a translucent viscous liquid. The liquid 

obtained was purified on silica gel using a hexane/ethyl acetate (80:20; v/v) mixture as the eluent 

to give 14.1 g of the expected product 6 as a clear, viscous liquid (yield = 90%). C23H19F4NO2. 

MS(EI) m/z: 416.2. 1H NMR (399 MHz, dmso) δ 2.   (s, 1H), 3.51 (s, 2H), 3.69 (s, 2H), 3.83 (s, 

3H), 7.15 (d, J = 7.7 Hz, 1H), 7.25 (t, J = 8.3, 9.7  Hz, 1H), 7.36 (d, J = 14.6 Hz, 1H) 7.34 – 7.43 

(m, 2H), 7.45 (d, 1H), 7.60 (t, J = 7.6 Hz, 1H), 7.71 (d, J = 7.1 Hz, 1H), 7.76 (d, J = 7.1 Hz, 1H), 

7.86 (s, 1H), 7.92 (s, 1H). 13    R (1    Hz, dmso) δ  3.7, 52.4, 52.5, 52.8, 65.3, 115.2, 124.6, 

125.3, 125.5, 125.9, 127.9, 129.0, 129.3, 129.6, 129.9, 133.1, 133.5, 140.8, 141.5, 143.0, 160.7, 

163.1, 166.7.  
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{{[3-fluoro-3’-(trifluoromethyl)-[1,1’-biphenyl]-2-yl]methyl}amino}methyl]benzoic acid (7).  

Compound 6 (1.0 g, 2.4 mmol) was dissolved in methanol (10 ml) and mixed with a NaOH 

solution (50% w/v, 1 mL), followed by stirring for twelve hours at room temperature. The solvent 

was removed under reduced pressure to yield an off-white residue. The residue was washed with 

petroleum ether (25 mL) and dried under nitrogen gas to yield a white solid. The solid was 

neutralized with 1.0 M HCl (5 mL) and extracted thrice with ethyl acetate (25 mL). Organic phases 

were combined and dried over sodium sulfate, and the solvent was removed under reduced 

pressure to yield 700 mg of compound 7 as a white powder. (yield = 80%). C22H17F4NO2. MS m/z: 

404.1266 [M+H]+. 1H   R (399  Hz, dmso) δ 2.04 (s, 1H), 3.6 (s, 2H), 3.76 (s, 2H), 7.13 (d, J 

= 7.7 Hz, 1H), 7.26 (t, J = 8.3, 9.7 Hz, 1H),  7.14 – 7.20 (m, 1H), 7.32 (t, J = 7.7 Hz, 1H), 7.36 (t, 

J = 7.7 Hz, 1H), 7.37 – 7.48 (m, 2H), 7.56 (t, J = 7.8 Hz, 1H), 7.68 - 7.72 (m, 2H), 7.76 (d, J = 7.7 

Hz, 1H), 7.81 (d, J = 7.7 Hz, 1H).  

 

 

 

 

 

 

 

 

 

 



 157 

4.2 AU-403 LXR Selective Derivatives Synthetic Scheme 2. 

 

Methyl 4-bromo-2-fluoro-6-methylbenzoate (9). 

4-Bromo-2-fluoro-6-methylbenzoic acid (8) (9.3 g, 42.9 mmol; 1 eq.) and Cs2CO3 (28.0 g, 

85.8 mmol; 2 eq.) were dissolved in DMF (30 mL) with subsequent dropwise addition of 

iodomethane (7.1 g, 3.1 mL, 47.2 mmol; 1.1 eq.). The reaction was stirred for three hours and then 

filtered. The filtrate was diluted in petroleum ether (85 mL), washed five times with brine, and 

then dried over sodium sulfate. It was then filtered through a silica plug, and the solvent was 

removed under reduced pressure to yield 9.3 g of compound 9 as a pale-clear viscous liquid. (yield 

= 87%). C8H6BrFO2. MS(EI) m/z: 246.0, 248.0. 1H NMR (399 MHz, cdcl3) δ 2.3  (s, 3H), 3.92 

(s, 3H), 7.13-7.15 (m, 1H), 7.19 (s, 1H). 

 

Methyl 2-fluoro-6-methyl-4-(pyridine-3-yl)benzoate (10a).  

3-Pyridylboronic acid (2.5 g, 20.2 mmol; 1 eq.), 9 (5 g, 20.2 mmol; 1 eq.), and Cs2CO3 

(19.7 g, 60.5 mmol; 3 eq.) were mixed in alumina-filtered DMF (40 mL) heated to 80○C. Nitrogen 

gas was delivered via a cannula needle and stirred vigorously for thirty minutes. 

Tetrakis(triphenylphosphine)palladium (0.2 g, 0.2 mmol; 0.01 eq.) was added, and vigorous 

stirring was continued for an additional eight hours. The reaction was allowed to cool, filtered, and 

diluted with ethyl acetate (200 mL) five times. The mixture was washed four times with a brine 

solution (50 mL), dried on sodium sulfate, and filtered through a silica plug. This was concentrated 

under reduced pressure to yield the desired product as a yellow crude solid. The crude solid was 

purified on silica gel using a petroleum ether/ethyl acetate (50:50; v/v) mixture to afford 1.9 g of 

product 10a as a pale-yellow powder. (yield = 62%). C14H12FNO2. MS(EI) m/z: 245.1. 1H NMR 
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(399 MHz, cdcl3) δ 2. 9 (s, 3H), 3.9  (s, 3H),  .1  (m, J = 1.7, 10.5 Hz, 1H), 7.23 (s, 1H), 7.38 

(dd, J = 4.8, 7.9 Hz, 1H), 7.85 (dt, J = 2.1, 2.1, 7.9 Hz, 1H), 8.64 (dd, J = 1.7, 4.8 Hz, 1H), 8.83 

(m, J = 1.5 Hz, 1H).  

 

Compounds 6b-d were synthesized similarly. 

 

Methyl 2-fluoro-6-methyl-4-(pyridine-4-yl)benzoate (10b).  

As described for 10a, 5 (1.8 g, 7.3 mmol; 1 eq.) and 4-pyridylboronic acid (1.1 g, 9.1 mmol; 

1.25 eq. ) were transformed to 1.8 g of the expected product 10b as a pale-yellow powder. (yield 

= 72%). C14H12FNO2. MS(EI) m/z: 245.1. 

 

Methyl 2-fluoro-4-furan-3-yl)-6-methylbenzoate (10c).  

As described for 10a, 5 (4.3 g, 17.4 mmol; 1 eq.) and (furan-3-yl)boronic acid (1.95 g, 17.4 

mmol; 1 eq.) were transformed to 3.2 g of the expected product 10c as a white powder. Compound 

10c was purified on silica gel using a petroleum ether/ethyl acetate (70:30, v,v) mixture as the 

eluent. (yield = 79%). C13H11FO3. MS(EI) m/z: 234.1. 1H NMR (399 MHz, cdcl3) δ 2.   (s, 3H), 

3.94 (s, 3H), 6.67 (dd, J = 0.9, 1.9 Hz, 1H), 7.05 (m, J = 0.6, 1.6, 10.8 Hz, 1H), 7.13 (m, J = 1.6 

Hz, 1H), 7.49 (m, J = 1.7 Hz, 1H), 7.76 (dd, J = 0.9, 1.6 Hz, 1H).  

 

Methyl 3-fluoro-5-methyl-[1,1’-biphenyl]-4-carboxylate (10d).  

As described in 10a, 5 (5.0 g, 20.2 mmol; 1 eq.) and phenylboronic acid (2.7 g, 22.3 mmol; 

1.1 eq.) were transformed to 4.2 g of the expected product 10d as white powder. Compound 10d 

was purified on silica gel using a petroleum ether/ethyl acetate (90:10, v/v) mixture as the eluent. 
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(yield = 85%). C15H13FO2. MS(EI) m/z = 244.1. 1H NMR (399 MHz, cdcl3) δ 2. 9 (s, 3H), 3.96 

(s, 3H), 7.18 (ddd, J = 0.6, 1.7, 10.9 Hz, 1H), 7.20 – 7.28 (m, 1H), 7.31 – 7.50 (m, 3H), 7.52 – 7.64 

(m, 2H). 

 

Methyl 2-(bromomethyl)-6-fluoro-4-(pyridine-3-yl)benzoate (11a).  

NBS (1.5 g, 8.4 mmol) and 10a (1.4 g, 5.6 mmol) were combined into dry DCE (10 mL). 

The reaction was heated to 75○C, and AIBN (0.4 g, 2.2 mmol) was added, then stirred for five 

hours. The reaction was allowed to reach room temperature and diluted five times with a petroleum 

ether/ethyl acetate (50:50, v/v) solvent mixture. The diluent was filtered through an alumina plug 

and concentrated under reduced pressure to yield 0.5 g of the expected product 11a as a yellow 

solid. (yield = 30%). C14H11BrFNO2. GC-MS(EI) m/z: 323.0, 325.0. 1H NMR (399 MHz, cdcl3) δ 

2.54 (s, 2H), 4.01 (s, 3H), 7.21 (m, J = 10.2 Hz, 2H), 7.26 (s, 1H), 8.05 (t, J = 2.1, 2.1 Hz, 1H), 

8.71 (dd, J = 2.1, 10.9 Hz, 2H). 

 

Methyl 2-(bromomethyl)-6-fluoro-4-(furan-3-yl)benzoate (11b).  

As described for 10a, compound 10c (1.1 g, 4.7 mmol; 1 eq.) was transformed to 0.95 g of 

the expected product 11b as a dark-orange solid. (yield = 65%). C13H10BrFO3. MS(EI) m/z: 312.1, 

314.1. 1H NMR (399 MHz, cdcl3) δ 2.   (s, 2H), 3.95 (s, 3H), 6.62 (d, J = 2.1 Hz, 1H), 7.14 – 7.26 

(m, 1H), 7.45 – 7.56 (m, 1H), 8.10 (ddd, J = 1.3, 8.3, 11.1 Hz, 2H). 

 

Methyl 3-(bromomethyl)-5-fluoro-[1,1’-biphenyl]-4-carboxylate (11c).  

As described for 10a, compound 10d (3.2 g, 13.2 mmol; 1 eq.) was transformed to 3 g of 

the expected product 11c as a white solid. (yield = 72%). C15H12BrFO2. MS(EI) m/z = 322.0, 
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324.0. 1H NMR (399 MHz, cdcl3) δ  . 1 (s, 3H), 4.74 (s, 2H), 7.27 – 7.39 (m, 2H), 7.40 – 7.71 (m, 

3H), 8.05 – 8.13 (m, 2H). 

 

Methyl 2-benzyl-6-fluoro-4-pyridin-3-yl)benzoate (12a).  

As described in Figure 1. Scheme a, compound 11a (0.17 g, 0,5 mmol; 1 eq.) and 

phenylboronic acid (0.06 g, 0.5 mmol; 1 eq.) were transformed to 0.1 g of the expected product 

12a as an off-white powder. (yield = 68%). C20H16FNO2. MS(EI) m/z: 321.2. 1H NMR (399 MHz, 

cdcl3) δ 2. 7 (s, 2H), 3.95 (s, 3H), 7.19 (m, J = 1.6, 10.0 Hz, 1H), 7.23 (s, 1H), 7.26 (s, 1H), 7.36 

– 7.53 (m, 3H), 7.58 – 7.63 (m, 2H), 8.02 (t, J = 2.2, 2.2 Hz, 1H), 8.82 (d, J = 2.2 Hz, 1H), 8.89 

(d, J = 2.2 Hz, 1H). 

 

Methyl 3-benzyl-5-fluoro-[1,1’-biphenyl]-4-carboxylate (12b).  

As described in Figure 1. Scheme a, compound 11c (0.5 g, 1.5 mmol; 1 eq.) and 

phenylboronic acid (0.2 g, 1.7 mmol; 1.1 eq) were transformed to 0.2 g of the expected product 

12b a white powder. (yield = 39%). C21H17FO2. MS(EI) m/z: 320.1. 1H NMR (399 MHz, cdcl3) δ 

3.87 (s, 2H), 4.00 (s, 3H), 7.24 (s, 1H), 7.27 (s, 1H), 7.29 – 7.62 (m, 6H), 8.03 (d, J = 1.4 Hz, 2H), 

8.05 (dd, J = 0.7, 1.5 Hz, 2H). 

 

Methyl 3-fluoro-5-[(2-fluorophenyl)methyl]-[1,1’-biphenyl]-4-carboxylate (12c).  

As described in Figure 1. Scheme a, compound 11c (0.5 g, 1.5 mmol; 1 eq.) and 2-

fluorophenyl boronic acid (0.24 g, 1.7 mmol; 1.1 eq.) were transformed to 0.18 g of the expected 

product 12c as a white powder. (yield = 35%). C21H16F2O2. MS(EI) m/z: 338.2. 1H NMR (399 
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MHz, cdcl3) δ 3.   (s, 2H), 3.99 (s, 3H), 7.10 (ddd, J = 1.6, 7.6, 10.2 Hz, 1H), 7.14 – 7.40 (m, 6H), 

7.41 – 7.48 (m, 2H), 7.56 – 7.61 (m, 2H). 

 

Methyl 3-fluoro-5-[(3-fluorophenyl)methyl]-[1,1’-biphenyl]-4-carboxylate (12d). 

As described in Figure 1. Scheme a, compound 11c (0.5 g, 1.5 mmol; 1 eq.) and 3-

fluorophenyl boronic acid (0.24 g, 1.7 mmol; 1.1 eq.) were transformed to 0.2 g of the expected 

product 12d as a white powder. (yield = 40%). C21H16F2O2. MS(EI) m/z: 338.2. 1H NMR (399 

MHz, cdcl3) δ 3.   (s, 3H), 4.23 (s, 2H), 6.90 – 7.03 (m, 2H), 7.07 (ddq, J = 1.0, 1.0, 1.0, 2.1, 7.5 

Hz, 1H), 7.17 (dd, J = 2.2, 12.1 Hz, 1H), 7.25 – 7.34 (m, 2H), 7.37 (ddt, J = 1.4, 1.4, 6.4, 8.1 Hz, 

1H), 7.41 – 7.48 (m, 2H), 7.55 – 7.61 (m, 2H). 

 

Methyl 3-fluoro-5-[(4-fluorophenyl)methyl]-[1,1’-biphenyl]-4-carboxylate (12e).  

As described in Figure 1. Scheme a, compound 11c (0.5 g, 1.5 mmol; 1 eq.) and 4-

fluorophenyl boronic acid (0.24 g, 1.7 mmol; 1.1 eq.) were transformed to 0.3 g of the expected 

product 12e as a white powder. (yield = 59%). C21H16F2O2. MS(EI) m/z: 338.2. 1H NMR (399 

MHz, cdcl3) δ 3.   (s, 3H), 4.19 (s, 2H), 7.04 (ddt, J = 1.4, 1.4, 8.1, 9.6 Hz, 2H), 7.17 (dd, J = 2.2, 

12.1 Hz, 1H), 7.26 (ddt, J = 0.9, 0.9, 3.5, 8.1 Hz, 3H), 7.37 (ddt, J = 1.5, 1.5, 6.6, 8.2 Hz, 1H), 7.41 

– 7.48 (m, 2H), 7.56 – 7.61 (m, 2H). 
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4.3 Chemical Spectroscopic Analyses  

 

UV-VIS. 

 LogP and LogD assay samples were measured on a Thermo Scientific UV-Vis NanoDrop 

Spectrophotometer. Sample PAMPA assay well plates were measured using a Biotek Synergy HT 

Multi Plate Reader with Abs UV-Vis. 

 

NMR. 

1H and 13C NMR spectra were recorded on a Varian MR400. All 1H chemical shifts are 

reported in δ relative to the residual solvent reference peak. 13  chemical shifts are reported in δ 

relative to  D l3 (center of triplet, δ   .23) or relative to D SO-d  (center of septet, δ 39. 1). 

The spin multiplicities are indicated by the symbols s (singlet), d (doublet), t (triplet), q (quartet), 

and m (multiplet).  

 

GC-MS. 

GC-MS was performed with an HP-5890 GC coupled with an HP-5970 mass selective detector 

(Hewlett Packard, Palo Alto, CA) using Helium (grade 5.0) as carrier gas. The mass spectrometer 

was operated on the electron impact (EI) mode using ionization voltage of 70 eV and a source 

temperature of 230°C. Samples were dissolved in HPLC grade acetonitrile (Fisher Scientific, NJ, 

 SA) and manually introduced (1μL) individually.  

 

Elemental Analysis. 

Atlantic Microlabs, Norcross, Georgia, performed elemental analyses. 
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MestReNova (Mnova).  

NMR and LC/GC/MS data processing, visualization, simulation, prediction, presentation, 

and analysis were carried out using an academic trial version of the MestReNova software 

package.  
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4.4 Molecular Modeling: PPARs and LXRs LBD. 

All molecular modeling for the PPAR and LXR nuclear receptors was conducted using the 

methods described below, which can be referenced. Molecular modeling was performed using 

Schrodinger Software: Maestro version 13.9.132, MMshare Version 6.5.132, Release 2024-1, 

Platform Windows-x64. Descriptions of the molecular modeling were based on methods described 

in Schrodinger user manuals. All protein structures were obtained from the Protein Data Bank 

(PDB).  

 

General Modeling.  

The Schrodinger software suite was used to perform computational analysis of the 

interactions of AU9, GW0742, AMPH13 (PPAR) and Pio with their respective PPAR ligand 

binding domains. PDB cognate crystal structures were used to confirm ligand-receptor 

interactions. Ligand docking studies were performed to determine the most stable docking poses 

determined by the ligand docking scores, representing the free energy upon binding of the ligand 

to the proteins' active site. Using the lowest energy conformation, a model system was built to 

explore the molecular dynamics of this interaction using a simulated annealing technique. For 

comparison, a full PPARδ agonist, GW   2, was used to illustrate key differences in our 

compound’s ability to achieve similar transcriptional activity in vitro. 

 

Protein Preparation. 

 olecular models for PPARδ, , and γ were built using the cognate ligand conformation 

obtained from X-ray crystallographic structures of GW-0742 bound to the PPARδ LBD (PDB: 

3TKM), AMPH13 bound to the PPAR LBD (PDB: 3VI8), and rosiglitazone bound to the PPARγ 
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LBD (PDB:5Y2O). Protein crystal structures were imported and prepared using the Maestro 

modeling software protein preparation workflow. In preprocessing of the protein structures, 

termini were capped and any missing chains were filled in using Prime. H-bond optimization was 

performed using PROPKA at a pH of 7.4. Lastly, restrained minimization was performed with 

convergence of heavy atoms to RMSD of 0.30 Å and deletion of all water molecules within 5 Å 

of the ligand utilizing the force field OPLS4. 

 

Induced Fit Docking.  

All ligands were prepared using LigPrep with the OPLS4 force field. Ligands were ionized 

at a pH of 7.4 ± 0.2 using Epik. Prepared ligands were then subjected to induced fit docking by 

selecting the centroid of the workspace ligand in each protein complex. Residues were refined 

within 5.0 Å of ligand poses. Glide re-docking was performed using standard precision. Each 

ligand's lowest energy docking score was evaluated and used for further molecular modeling 

experiments. 

 

Model System Generation for Molecular Dynamics.  

Model systems were built from the best induced fit docking poses using a predefined 

simple point-charge (SPC) water solvent model. An orthorhombic box shape was chosen with a 

salt concentration of 0.15 M. The model system was built with the force field OPLS4. Simulated 

annealing and/or molecular dynamics were used to evaluate conformational stability. Simulated 

annealing: Simulation parameters were set to have a schedule of seventeen temperature changes 

over the course of 1.2 ns using an NVT ensemble class at 1.01325 bar. Model systems were relaxed 
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before the simulation. Molecular Dynamics: Simulation parameters were set at a temperature of 

310 K for 100 ns at 1.01325 bar. 

 

SiteMap Analysis. 

SiteMap calculations were performed using the Schrodinger Maestro Suite. The Task 

setting was selected to evaluate a single binding site region plus a 6 Å buffer. The centroid of the 

cognate ligand was used as the reference point. Settings were selected to require at least 15 site 

points per reported site and report up to 5 sites. The more restrictive definition of hydrophobicity 

and a standard grid cropped 4 Å from the nearest site point.  

 

Refine Protein-Ligand Complex. 

 Refinement of the LXR LBDs was performed using the Schrodinger Biologics Suite. 

Ligands were docked into the respective LXR crystal structures using previously described 

methods. The Variable Solvent Model with Generalized Born (VSGB) was chosen as the solvation 

model. Protein atoms were refined within 10.0 Å of the docked ligand centroid using the 

Hierarchical optimization sampling algorithm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 167 

4.5 Physiochemical Properties 

Reference standards were purchased from Caymen Chemical. EC50 values were reported 

according to the listed values on the Caymen Chemical website. 

 

Passive Diffusion PAMPA. 

Permeability assays were performed according to the manufacturer's protocol. BioAssay 

Systems Parallel Artificial Membrane Permeability Assay Kit (PAMPA-096). 4% lecithin in 

dodecane was used as the lipid bilayer. 10 mM stocks of AU403 and reference compounds were 

prepared in DMSO. All samples were diluted in PBS (pH=7.4) to a final concentration of 500 uM. 

300 uL of PBS were added to acceptor plates (B), and 200 uL of test sample were added to donor 

plates (A). The assay was run on the benchtop and incubated at RT for 18 hours. Final 

concentrations were determined by UV-Vis. 

 

LogP and LogD. 

LogP studies were performed by making 10 mM stocks of the test compound in octanol. 

Standard calibrations were determined using a 2-fold serial dilution of the stock solutions and then 

measured on a Nanodrop UV-Vis. Working standard calibration range 5 – 0.3125 mM. 200 uL of 

a 5 mM test compound in octanol was combined with 400 uL of an appropriate aqueous phase. 

Samples were vortexed for 1 minute and allowed to equilibrate on a Belly Dancer for 2 hrs. Final 

concentrations were then determined by assessing the amount remaining in the octanol layer based 

on pre-determined sample standard calibration curves. Samples were run in triplicate, and the 

average value was reported. The pH of buffered aqueous phases was made to assess solubility 
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across a range of physiologically relevant settings. PBS and Citrate Buffer were made according 

to general buffer protocols for the given pH. 
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